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Modern construction practices require proper knowledge to predict, concrete pumping 
pressure, especially in high-volume and high-rise applications. Despite the progress made 
over the last decades, the spread of concrete pumping to high-rise construction has been 
hampered by the lack of standardized operating procedures and performance criteria. By 
and large, the guidelines available today focus predominantly on pumping Conventional 
Vibrated Concrete (CVC), while ambiguity still surrounds pumping Self-Consolidating 
Concrete (SCC) and other types of Highly-Workable Concrete (HWC). This PhD disser­
tation focuses on the fundamental principles relevant to the flow of high-strength SCC 
in pumping pipes, and it aims to develop methods to predict, and reduce the required 
pumping pressure.
The flow pattern of SCC in pipes is analytically investigated, providing a numerical 
approach to predict the pumping pressure based on the properties of both concrete and 
the lubrication layer, the pipe diameter, and the flow rate.
The analytical results are further validated through full-scale pumping tests exe­
cuted at the laboratory of the Universite de Sherbrooke. Through this phase 26 optimal 
concrete mixtures were pumped in a 30-m pumping circuit to investigate the interactions 
between the concrete properties and pressure loss. The same tests are also employed to 
empirically correlate pressure loss with rheological and tribological properties of concrete 
at different flow rates. The resulting correlations furnish instrum ental models capable of 
computing pressure loss for a wide range of concrete properties. In another application, 
the experimental results are analyzed to identify the influence of pumping on concrete 
properties with time.
Full-scale pumping results are statistically analyzed in order to establish a quantita­
tive description of the most influential parameters governing the concrete' flow in pipes. 
As a result, concrete pipe flow is statically modeled, allowing the com putation of pres­
sure loss a t different flow rates based on the the rheological and tribological properties of 
the concrete and the pipe diameter. Another statistical model is derived to calculate the 
pressure loss as a function of the V-funnel flow time, granting the advantage of predicting 
the pressure loss on job sites without the need for complex rheological and tribological 
measurements. In light of the research findings of the previous phases, a new simple 
test method called the pipe flow test (PFT) is developed in the context of this research, 
specifically for predicting pipe flow pressure loss.
W ith preceding research phases as insights, the final stage of this project is directed 
toward mix design optimization faced with the challenge of reducing the pumping pressure 
and meeting the strength requirements of high-strength SCC.
Ultimately, the research findings emanating from this investigation provide practical 
guidelines and conclusive models to predict and reduce pumping pressure for a wide scope 
of concrete mixtures and pipe diameters.
K ey-w ords: flow resistance, high-rise construction, high-strength, lubric ation layer, pipe 
flow, pressure loss, pumping, rheology, SCC, tribologv.
Resume
Los pratiques modernes de construction ont encourage des efforts de recherche concer- 
nant la prediction de la pression de pompage des betons, plus particulierement dans des 
applications a grande hauteur et grand volume. Malgre les progres realises an cours de 
la derniere decennie, le pratique du pompage de beton pour les constructions de grande 
hauteur a etc freinee par l’absenee de procedures d ’exploitation normalisees et de eriteres 
de performance. En general, la plupart des directive's concernant le pom])ag(> du Beton 
Conventionnel (BC), tandis que le pompage de Betons Auto-Plaqants (BAP) et. autres 
types des betons fluides reste encore neglige. Cette these se concentre sur les prineipes 
fondamentaux applicables a l’ecoulement, des betons auto-plagants dans les conduites, et 
vise' a developper do nouvelles methodes pour predire preciscment la pression de pompage 
et. des moyens pour reduire la pression.
Sous pression d ’ecoulement des BAPs dans des conduites a ete etudie analytique- 
ment, fournissant, ainsi une approche numeriquo pour predire la pression de pompage 
basee a la fois sur les proprietes du beton et de la eouche limit.e, et du diam etre de la 
conduite. En outre, les proprietes de la couche lubrifiante et son influence unique sur les 
pertes de pression ont ete decrites dans cette these.
Les resultats analytiques sont ensuite valides par des essais de pompage a grande 
echelle executes au laboratoire de l’Universite de Sherbrooke. Les memes esais sont egale- 
ment utilises pour analyser l’influence de plusieurs proprietes du beton sur les pertes de 
pression a differents debits. Les correlations resultantes ont fourni des modeles inst.ru- 
mentaux capables d ’evaluer les pertes de pression pour une grande port.ee de proprietes 
du beton. Une autre application a permis d ’analyser les resultats experimentaux afin de 
comprendre l’influence du pompage sur les proprietes rheologiques du beton en question.
Finalemcnt, les resultats de pompage a grande echelle out ete analyses statistique- 
ment visant a fournir une description quantitative des param etres les plus influents sur 
l’ecoulement du beton dans des conduites. En consequence, l’ecoulement du beton dans 
les conduites est statistiquem ent modelise, permettant. ainsi le calcul des pertes de pres­
sion pour differents debits a partir des proprietes rheologiques et tribologiques du beton 
(h. du diam etre des conduites. Un au tre modele statistique a ete eongu pour calender 
la perte de charge en fonction du temps d ’ecoulement au V-funnel, ce qui perm et de 
predire les pertes de pression sur chantier sans reeours a des mesures rheologiques ou 
tribologiques complexes.
Le test de debit, en conduite (TDC) est une nouvelle m ethode developpee dans le 
cadre de cette recherche et plus particulierement afin de predire les pertes de pression 
d ’ecoulement dans les conduites. Suite a la recherche deerite precedermnent, la phase 
finale de ce projet a ete orient.ee vers l’optimisation des melanges afin de reduire la 
pression et repondre aux exigences de resistance du beton auto-plagants (BAP) .
Finalement, les resultats de recherche issus de cette etude fourniront, des directives 
pratiques pour reduire la pression de pompage ainsi que plusieurs modeles, pour une 
large gamine de proprietes du beton et de diametres de conduite.
M ots-c les: BAP, couche de lubrification, debit de conduite, grande hauteur, pression 
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1 . 1 R k s k a r c h  c o n t k x t 3
1.1 Research context
Despite the significant progress made over the last decade, the spread of pumping con­
crete to high-rise applications has been hampered by the lack of standardized operating 
procedures and performance criteria. Practical guidelines, mainly based on field experi­
ence, for pumping equipment and concrete properties do exist and are available through 
pump companies and research institutes [1, 2], By and largo, these guideline's and studies 
focus on pumping Conventional Vibrated Concrete (CVC) [3 5], much to  the neglect of 
Self-Consolidating Concrete (SCC) and other types of Highly-Workable Concrete (HWC). 
In practice;, the rules derived for CVC are still applied to SCC and altered based on the 
experience of the pumping operator [6]. Because of the unique flow pattern  of SCC, 
applying the CVC guidelines to SCC will fail to take into account the rheological and 
tribologieal properties governing SCC’s flow behavior, and thus can lead to unrealistic 
prescriptions.
Although much has been learned about pumping of SCC, modern construction tech­
nologies have stim ulated the substantial need for research efforts to accurately prediet 
its required pumping pressure. Unfortunately, the absence of such research limits the 
applicability of pumping SCC in modern concrete practices, especially for high-volume 
and high-rise applications. This opens the door for more comprehensive studies that link 
pumping pressure to the fundamental rheological properties governing the flow of SCC 
in pipes.
1.2 Scope
This PhD dissertation focuses on the fundamental principles of the flow of High-Strength 
SCC and HWC in pumping pipes, aiming to reduce pumping pressure and develop em­
pirical and analytical models to predict it. The investigation is founded on a solid un­
derstanding of the rheological properties of SCC and HWC, established bv the Research 
Group on Cement and Concrete Infrastructure at the Universite de Sherbrooke. Cor­
responding to its research goals, the project is divided into two main parts: the first 
part represents the literature review (Chapters 2-4) dealing with rheologv and indispens­
able basics of pumping concrete. The second part (Chapters 5-7) covers the analytical 
characterization of SCC’s pipe flow, the full-scale pumping tests, and the mix design 
optimization to reduce pumping pressure.
Through the literature review, the theoretical aspects of rheologv and the funda­
mental properties of materials are outlined. Rheological behaviors of different types of 
suspensions an; described on the basis of the particles’ dimension ranges. Focus is set on 
the rheological behavior of concrete in the steady state  and on various time-dependent 
phenomena. The state  of the current understanding and challenges of pumping concrete, 
factors affecting pumping pressure, and different changes in concrete properties due to 
{jumping are addressed.
The second part undertakes a critical analysis of the flow of SCC in pipes based on 
two key aspects. The first is the analytical characterization of the different flow zones 
of concrete formed across the pipe section during flow. The second is the quantitative 
description of the most influential parameters governing the concrete pipe flow, including
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the properties of both concrete and the lubrication layer, and the geometrical character­
istics of the pumping circuit. Both aspects involve deep understanding of concrete-steel 
interface boundary conditions and the influence of the lubrication layer properties on 
overall pipe flow. Together, the two aspects combine to numerically predict the pumping 
pressure based on the properties of both concrete and the lubrication layer, the geometry 
of the conveying pipes, and flow rate.
Full-scale pumping tests are undertaken to validate the results obtained from the 
analytical analysis and to empirically correlate pressure loss with various rheological 
properties of the concrete. Bv incorporating different mix design param eters in the 
tested mixtures, their effects 011 pressure loss an; disclosed. Also, in virtue of a prolonged 
pumping testing procedure, the different changes in properties of various types of concrete 
during pumping are revealed. Based 011 the knowledge gained through the previous 
phases, a new simple test method (PFT) is developed to assess the concrete flow in 
pumping pipes. A correlation is established between the concrete flow time in the testing 
pipe and the rheological and tribological properties of concrete. Based 011 this correlation, 
a future validation of this test is planned to link between the concrete flow time in the 
testing pipe and the pressure loss in the field.
The empirical results of the full-scale pumping tests serve as a base for statistical 
analyses directed toward modeling both pressure loss and the parameters proven most 
influential throughout the experimental program. As a result of the statistical analyses, 
a quantitative description of the effects of certain rheological and tribological properties 
011 the pressure loss is established. Additional statistical analysis is performed for the 
V-funnel results, granting a very practical approach to accurately predict pressure loss 
011 job sites. At this point, the flow of SCC in pumping pipes is understood and can be 
predicted by means of analytical, statistical, and empirical models.
In light of the research findings of the previous phases, the last experimental phase 
focuses 011 optimizing mix design param eters with the goal of reducing pumping pressure. 
Faced with the challenge of reducing pumping pressure, the work is proceeded using 
Concrete Equivalent M ortar (CEM) and concrete in order to examine the different effects 
of mix design param eters on pressure loss reduction.
Ultimately, research findings em anating from this investigation, put into practice 
conclusive guidelines and insights to reduce pumping pressure, and several models to 
predict it for a wide range of flowable concrete and pipe diameters.
1.3 Thesis outline
This study is divided into (fight chapters. A general presentation of the investigation and 
its main objectives are detailed in Chapter 1. Introductions to rheology and tribology are 
presented in C hapter 2, followed by a more detailed scan on rheology of suspensions and 
concrete' in C hapter 3. Chapter 4, establishes briefly the historical context and current 
knowledge of pumping concrete. Chapter 5 is devoted to analytical analyses determining 
the  properties of the lubrication layer and characterizing the flow of concrete in pipes. 
In this chapter interactions between the properties of concrete and lubrication layer in 
relation to the pressure loss are highlighted. Chapter 6 discusses the experiment al results 
of the full-scale pumping tests intended to validate the analytical findings of Chapter 5.
1 .3  T i i hsi s  o u t l i n e
These results are also used as bases for empirical and statistical correlations tha t are 
established between the rheological and tribological properties of concrete and pressure 
loss. The effect of changes in concrete rheological properties with pumping duration 
on pumping characteristics is examined. Finally, the PFT  test, a new test method to 
estim ate the pressure loss on job sites is introduced. Chapter 7 is dedicated to optimizing 
mix design parameters to reduce pumping pressure and meet the strength requirements of 
HS-SCC. Chapter 8 presents the conclusions and highlights the most significant findings 
of the investigation. Future research perspective's relevant, to the investigation is also 
presented.
Three appendices are attached; Appendix A includes the properties of the constituent 
m aterials used through the different phases of the investigation. Appendix B presents the 
mix design parameters and proportions, fresh properties, tem perature changes, rheologi­
cal and tribological properties, a selection of hardened properties of the tested mixtures, 
and the pressure loss data  measured during the full-scale pumping tests. Appendix BC 
presents the results of the {jumping tests in graphical form.
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2.1 Introduction
In this chapter, the theoretical aspects of rheology and the fundamental properties of 
materials are outlined. Different ways to determine the rheological properties of mate­
rials and their responses to an applied force are detailed. In addition, several types of 
rheometers and their working principles are described.
2.2 Definitions
2.2.1 Stress and strain
In t he elastic domain, stress is simply defined as the force divided by the area over which 
it is applied. W hen a stress is applied to a material, a deformation will occur and the 
strain can be defined as the relative deformation caused by the stress (see Figure 2.1).
Strain y
Figure 2.1: Shear deformation induced by shear stress.
2.2.2 The rate of strain and flow
When a fluid system is deformed by an applied stress, the motion continuous until the 
stress is removed. Consider two surfaces separated by a small gap containing a liquid, 
as shown in Figure 2.2, a constant shear stress must be applied on the upper surface to 
maintain the movement at constant velocity, u. Assuming there is no slip between the 
surfaces and the liquid, the velocity gradient is constant across the small gap and the 
velocity reaches zero at the lower surface. Considering the displacement x produced in 
every second, then the strain becomes:
7 = J  (2 . 1 )
and as
tlx
dt ( 2 . 2 )
the rate of strain can be written as:
dy u ,
' - i — * <2-3>





Figure 2.2: Velocity gradient produced when a fluid is sheared.
The terms rate' of st rain, velocity gradient and shear rate are all used synonymously and 
Newton’s dot is normally used to indicate the differential operator with respect to time. 
For large, gaps the rate of strain will vary across the gap since velocity is not constant, 
hence
2.2.3 V iscosity  and rheology
The measure of the internal resistance of a fluid being deformed by shear stresses is called 
viscosity. In this context,, the less viscous a fluid is, the easier it flows. In fact, all fluids 
have some resistance to flow; it can be very low, such as it is for air (1.81 x 1 0 ~5) or very 
high as it is for oil (0.250 Pa s).
The term rheology is frequently used synonymously with rheometry. This rheom- 
etry generally refers to the experimental techniques used to  determine the rheological 
properties of materials; these properties express themselves in terms of quantitative and 
qualitative relationships between deformations, stresses and their derivatives. The the­
oretical suspects of rheologv are explained by the deformation behavior and the internal 
structure of a material.
2.3 M aterials behavior
2.3.1 Elastic (H ookian) behavior: for solids
The law of elasticity was established by the English scientist Robert Hooke in 1678. It 
states tha t for relatively small deformations of an object, the displacement or size of 
the deformation is directly proportional to the deforming force or load and the object 
reverts back to its original shape and size upon removal of the load [1]. Elastic behavior 
has no dependency on time, thus any kind of strain is completely and instantaneously 
recoverable. M aterials for which Hooke’s law is valid are known as linear-elastic. In 
fact, there is no perfect, elastic; material because any material will yield some permanent 
deformations when applied loads are removed, but within limits Hooke’s law is still valid 
[2 ]-
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Hooke’s law is bet ter known under the form of equations 2.5 and 2.G.
o = Ee (2.5)
r  =  6 * 7  (2 .6 )
where
a: axial stress (Pa)
E: Young’s modulus (Pa) 
e: strain (-) 
r: shear stress (Pa)
C: shear modulus (Pa)
7 : angle of deformation (-)
Equation 2.5 describes an axial deformation in an elastic material while equation 2.6 
describes an angular displacement resulted by an angular force. In fact, for many ma­
terials (such as many types of polymers), the stress-strain relationship is not linear and
their behaviors are then described by neo-Hookean models [3].
2.3.2 P lastic (St.V enant) behavior
Plasticity generally refers to the m aterial’s ability to be shaped, and more specifically, 
plasticity describes the deformation of a material undergoing non-reversible changes of 
shape in response to  applied force's. For the vast majority of materials, a material has 
some' inherent strength (calk'd yield strength) such tha t below a certain value of stress 
(called yield stress) then ' is 110 permanent deformation. When a plastic substance is 
stressed above the yield stress, it deforms yielding a permanent strain. Once plastic 
deformation begins, it continues as long as the stress is applied. Most materials th a t 
approach plastic behavior exhibit elastic characteristic below the yield point and beyond 
the yield point the strain becomes permanent. This behavior, described by the elasto- 
plastic behavior, can be found in many types of materials (especially plastic products), 
and is considered the most common among m aterials under stress.
2.3.3 V iscous behavior: fluids
Viscosity describes the resistance of a fluid to flow. In everyday terms (and for fluids 
only), viscosity is "thickness", thus, water is "thin", having a lower viscosity, while honey 
is "thick", having a higher viscosity. The difference between a perfectly elastic and a 
perfectly viscous material is illustrated in Figure 2.3. For a constant stress the angle 
of deformation is constant for the elastic m aterial, whereas the angle of deformation 
changes a t a constant rate for the viscous material. Once the stress is removed, the 
elastic material returns to its original condition, while the viscous material stays in its 
final deformed shape. The elastic material is said to have a perfect memory, whereas the 
viscous material does not have; any memory [4],
As mentioned previously, the velocity gradient when stress is applied can be ex­
pressed as the time variation of the angle of deformation referring to the shear or strain
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rate. Hence, depending on the change of strain rate versus stress inside a fluid, the viscos­
ity can be categorized as having a linear or a non-linear response. When a fluid exhibits 
a linear response it is considered as a Newtonian fluid and the relation between the shear 
stress and the shear rate is linear, passing through the origin. Fluids with flow properties 







F igure 2.3: Description of the elastic and viscous behaviors under angular defor­
mations [5].
Newtonian and non-Newtonian fluids
A Newtonian fluid [named after Isaac Newton (1687)] is a fluid whose stress versus strain 
rate curve is linear and passes through the origin. The constant of proportionality is the 
viscosity, as indicated in equation 2.7. The Newtonian fluid starts moving instantly when 
stress is applied and the best known example of a Newtonian fluid is water.
du
T  =  7]—  =  777 (2.7)
where
r: shear stress (Pa)
77: viscosity (Pa s)
d u /d z :  velocity gradient perpendicular to the direction of shear or shear rate (d 'y /d t)
In a non-Newtonian fluid, the relationship between the shear stress and the strain rate can 
be linear, or nonlinear, or even time-dependent. Therefore, a single constant coefficient 
of viscosity could be inadequate to describe the flow behavior of a non-Newtonian sub­
stance. Most fluids are non-Newtonian; many polymer solutions and molten polymers are 
non-Newtonian fluids. They are best studied through other rheological properties that
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relate the stress and strain rate tensors under different How conditions, such as oscillatory 
shear or extensional flow, which are measured using different devices or rheometers.
Bingham  visco-plastic fluid
A Bingham fluid is a non-Newtonian visco-plastic material that behaves as an elastic 
material at. low stress and flows as a viscous fluid at high st ress. A Newtonian fluid flows 
and gives a shear rate  (or strain) for any finite' value' e)f shear stress. while the' Bingham 
fluid does not exhibit any flew until a yield stiess is exceeded; beyond this point the Hew 
rate- increases constantly with the she-ar stress. In contrast te> the1 Newtonian fluiel for 
which emly erne param eter is needed to describe its flew, the- Bingham fluiel requires two 
iele-ntifving param eters, the vielel strews and the; plastie' viscosity, as shewn in equal ion 2 .8 .
t =  T(, +  fi,n  (2.8)
whe-re'
fip: plastic viscosity (Pa s) 
r0: yield stress (Pa)
Shear thinning and shear thickening
One possibility of the non-Newtonian behavior is a non-linear relationship between the 
shear stress and the; shear rate. In this case;, viscosity is ne> lemger constant for all shear 
rat,e;s. Two different types of behavior can be highlighteel at this point; when viscosity 
elecreases with increasing shear rate, the behavior is calk'd shear thinning (or pseuelo- 
plastic) and the flow curve of shear stress-shear rate; bends elewnwarel, as illustrated in 
Figure 2.4. When viscosity increases with the shear rate, the behavior is shear thickening, 
or elilatants, anel the flow curve bends upward. The shear thinning anel thickening behav­
iors can be observed in many materials undergoing a shear effect, such as certain types of 
cement, grout, m ortar, and concrete. Equation 2.9, known as the power-law model, is one 
of the most applied models in rheology to describe shear thinning and shear thickening 
behavior.
r  -  n n "  (2.9)
when;
m: consistency factor (Pa .sn)
?i: consistency index (-)
The distinction between shear thinning and shear thickening is made by the consistency 
index "n \ For n < 1, the material is shear thinning, whereas it is shear thickening for 
v > 1. If n =  1, the linear Newtonian behavior is obtained.
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Shear tinning
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Figure 2.4: Flow curves for a Newtonian, shear thinning, shear thickening, and 
Bingham materials.
Different kinds of viscosity
Different types of viscosity can be used to identify the rheological behaviors of fluids. 
The choice of each type depends on the rheological model in use and its fitting to the real 
m aterial’s behavior. As shown in Figure 2.5, the tangential (or differential) viscosity a t 
a certain shear rate is the slope of the flow curve a t tha t shear rate, while the apparent 
viscosity at a specific shear rate is calculated by dividing the shear stress by tha t shear 
rate. The plastic viscosity, is presented by the slope of the flow line when the flow curve 
is a straight line obeying Bingham’s model. For a Newtonian liquid, the three different 
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Figure 2.5: D e te rm in in g  d iffe re n t types o f  v isco s ity  fro m  a How curve. A d a p te d  
fro m  [5],
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2.4 Tribology
Tribology is the science dealing with interacting surfaces in relative motion, including 
properties at interfaces such as friction, abrasion, and lubrication. Any product, where' 
one material slides or rubs oven- another, is affected by complex tribological interactions. 
The study of tribology is commonly applied in bearing design and extends into almost 
all other aspects of modern technologies.
Mon* specifically applied to concrete science, tribology is the study of the How be­
havior of fresh concrete when it is in direct contact with a solid surface' such as a form 
work or a pumping pipe. Tribological interactions in concrete are more complex since it 
does not remain a homogeneous material in relative motion. Some mixture constituents 
can migrate from the concrete m ixture toward the interacting surface forming a thin layer 
(called the lubrication layer) which possesses different rheological properties than those of 
concrete. Because of this particular migration phenomenon, determining the tribological 
interactions of concrete is not a straightforward procedure. Additional analysis takes into 
account properties of the lubrication layer and the properties of concrete itself is needed. 
Further information concerning the tribological analyses and measurements for concrete 
are detailed in section 5.7.
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Chapter 3
Rheology of Suspensions and 
Cement-Based Materials
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3.1 Introduction
In the first part of this chapter, a clear distinction between colloidal and noil-colloidal 
suspensions is made. Rheological behavior of both types of suspensions are described on 
the basis of the particle’s size. In the second part, light is shed on the rheological behavior 
of concrete in steady sta te  as well as various time-dependent phenomena. Two rheometers 
which have been used in this investigation are described in the third part of this chapter 
in term s of functionality, testing procedures, and data treatm ent. A new tribometer 
developed in the context of this research, in addition to other types of tribom eters which 
have been used in previous studies to determine the tribological properties of concrete 
are also outlined in the third part.
3.2 General
A suspension is any system in which small solid particles are more or less dispersed in a 
liquid medium [1], In any suspension undergoing a shear effect, or flow, different types of 
mutual interactions between the basic m aterials’ elements can lead to different rheological 
behavior. Overall, the interactions occurring during shear may be classified into two 
main categories: hydrodynamic interactions and solid interactions [2]. Hydrodynamic 
interactions result from a disturbance induced in the liquid phase, which in turn exerts 
a force on the suspended particles. Hydrodynamic interactions dominate the rheological 
behavior in a liquid system, while in a granular system the solid interactions (like collision, 
friction, slippage, etc.) are more im portant. Therefore, the rheological behavior in the 
la tter becomes more dependent on the configuration of the spatial distribution of particles 
and their direct contacts.
In a granular-paste medium, such as concrete, both hydrodynamic and solid inter­
actions take place through the interstitial paste and by direct contact between particles. 
The magnitude of the solid and hydrodynamic interactions is greatly affected by ((j)) the 
solid volume concentration (defined by the ratio of the volume of solid elements to the 
total volume of the sample). In this context, different 4> and particle’ size ranges can re­
sult in different regimes and rheological characteristics of granular systems, as discussed 
in the following sections.
3.3 D istinction between colloidal and non-colloidal 
suspensions
The rheological behavior of a suspension is a complex function of the interactions th a t 
occur a t the scale of the suspended particles [3]. The maximum size of particles is a 
determining factor of the interactions between the particles and the interstitial medium. 
Two main regimes can be distinguished based on the maximum size of the particles: the 
non-colloidal, and the colloidal. In the case of non-colloidal systems, the particles volume 
fraction, shape, and the spatial arrangement, are dominant param eters influencing the 
behavior of the suspension [3]. In the colloidal regime, the upper limit of the particle size 
is commonly taken at 1 pm [4, 5]. W ithin this size range, the total surface area of the
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particles is much greater than their total volume. Consequently, volume fraction, particle 
shape, distribution, and inter-particle forces (e.g. electrostatic effects) become the main 
param eters influencing the rheological behavior of colloidal systems.
3.4 Rheology of non-colloidal suspensions
Based on the solid concentration (expressed bv the particle volume fraction 0 ) three 
regimes can be highlighted [6 , 7]: (i) a dilute regime, restricted to 0  < 0.02 where 
the relative apparent viscosity (r/r , see section 3.4.1) is a linear function of 0; (ii) a 
semi-dilute regime, with 0  < 0.25, where the relative apparent viscosity shows a higher 
order dependency on the volume fraction; (iii) a concentrated regime, starting  near 0  
= 0.25, characterized by rapid growth of the relative apparent viscosity and of the non- 
Newtonian behavior with increasing particle volume fraction. The three regimes and 
their anticipated rheological behavior due to solid concentration changes are detailed in 
the following sections.
3.4.1 D ilu te suspensions
The behavior of a suspension within the dilute limit was first addressed theoretically 
by Einstein (1906, corrected 1911) who derived an analytical solution for the relative 
apparent viscosity:
7]r — —  =  1 +  B(j> (3.1)
where
7/,.: relative apparent viscosity (-)
7/.,: apparent viscosity of the suspension (Pa s)
Vm' apparent viscosity of the suspending medium (Pa s)
0 : volume fraction (-)
D\ E instein’s coefficient or the ’intrinsic viscosity’; B equals to 2.5 for spherical 
particles [8 ]
As can be deduced from equation 3.1, the relative apparent viscosity increases linearly 
with the volume fraction. The value of Einstein’s coefficient (B) has not been incontro- 
vertibly validated, with different researchers favoring values covering the range [1.5 < B 
<5] [9 11]. Quite a few researchers agree on applying Einstein’s equation with B =  2.5 
when specific conditions are fulfilled such as: spherical particles, no interaction between 
particles, no slip at the particle surface [5, 12].
3.4.2 Sem i-dilute suspensions
As the volume fraction increases, the relative apparent viscosity shows higher dependency 
on the volume fraction, especially when it approaches 0.25. On the m icrostructure scale, 
the particles show some mutual interactions, and the distribution of the particles’ orbits 
remains close to random over time. Their random distribution indicates rotary diffusion
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of tin; particle*’ orientations created by the hydrodynamic interactions between particles
(3]. Scientific work in the semi-dilute regime lias been focused on finding coefficients for 
the higher order terms of the volume fraction; sometimes neglected by Einstein. As a 
result, an extension of Einstein’s equation was derived with a second order term  of the 
volume fraction [13 15]:
l]r = 1 +  13 (j) + B\(j)^ +    (3-2)
where
B: Einstein’s coefficient equals to 2.5 for spheres
B\\ factor depends on the type of flow and the particle shape, 7.35<B} <14.1
In this polynomial model, viscosity reaches infinity only when <p reaches 1 , while in­
finity can lie practically reached when <f> approaches its maximum value (</>,„= 0.64) for a 
suspension of monosized spheres. In order to overcome this inconvenience, the maximum 
volume fraction should be involved as a param eter in the model to describe the materials 
behaviors in the vicinity of the maximum volume fraction.
3.4.3 C oncentrated suspensions
Increasing the solid concentration increases the particle volume fraction resulting in a 
rapid growth in the relative apparent viscosity, as a result, equation 3.2 becomes no 
longer valid. Theoretical models are not available for this case and the relative vis­
cosity instead is described by means of semi-empirical equations or numerical simula­
tions. One of the most successful experimental models in the concentrated regime is the 
Krieger&Dougherty model (1972) (term ed the "functional equation* approach by Pabst 
2004) [11]. It comprises the maximum volume fraction as a param eter, and con­
siders the contribution of successive packets of suspension to  the total particle volume 









•//,.: relative apparent viscosity (-)
(/>,„: maximum volume fraction (-)
[;/]: intrinsic viscosity equals to  2.5 for spheres and higher for other particle 
shapes
As can be inferred from equation 3.3, increasing the maximum volume fraction 4>m de­
creases the relative viscosity for a given volume fraction. On the other hand, for a given 
maximum volume fraction, the relative viscosity increases with the volume fraction and
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Figure 3.1: Relative viscosity plotted against particle volume fraction according to 
the Einstein equation (black), the Guth and Gold equation (to the second order in 
(fi, D --2.5, B i =14) (dotted line), and the Krieger-Dougherty model (dashed line) 
with a maximum volume reaction of 0.64. The inset shows the same data focusing 
on the semi-dilute and dilute regimes. Adapted from [16].
it, becomes infinite when the volume fraction approaches its maximum value. The ad­
vantage of the Krieger-Dougherty equation is th a t, no m atter the particle size, shape, or 
distribution, tin; equation scales all data on a m aster curve where the relative viscosity is 
plotted versus the ratio of the volume fraction to  the maximum volume fraction [17, 18].
A comparison between the relative viscosity plotted and volume fraction according to 
Einstein’s, G uth&Gold’s, and Krieger-Dougherty’s models are sketched in Figure 3 .1 . As 
dem onstrated, for all three models, the relative apparent viscosity increases with the vol­
ume fraction for a given (j)m. This increase is more pronounced in the Krieger-Dougherty 
model, particularly when the volume fraction is close to its maximum value. On the other 
hand, Einstein’s and Guth&Gold’s models underestim ate the relative viscosity (compared 
to Krieger&Doughertv model) starting from a volume fraction of around 5 %.
3.5 Rheology of colloidal suspensions
In a colloidal regime, the surface area of the particles is much greater than their volume, 
therefore, the inter-particle forces a t the surface of the particles are central to its rheolog­
ical properties. The fundamental characteristic of these forces is th a t they act a t distance 
between the elements through the liquid, even when at rest. Depending on the distance 
between the colloidal particles within a particle’s range of interaction, different attraction 
and repulsion forces can act to stabilize, or destabilize, the colloidal suspension. At a 
very short distance, two adjacent particles repel each other because of the impossibility 
of overlapping the electronic clouds [2]. At a larger distance, the particles interact via 
Van dor Waals forces which (at a certain distance between the particles) appears as an 
attraction  force caused by the interaction between the dipoles. In addition to the Van 
der Waals forces, the particles interact through electrostatic forces induced by the ions
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adsorbed at the surfaces of the particles. The magnitude of the attraction or repulsion 
forces between two electric charges depends on tin 1 product of their charges and separa­
tion distance. Summing the repulsion and attraction forces between every two adjacent 
particles delivers a net force. The net forces then determine the stability of the colloidal 
suspension and consequently the total potential energy of the system.
In the absence of other forces, colloidal particles can undergo a random motion called 
the Brownian motion which is caused by thermal agitation of the liquid medium. The 
Brownian motion is believed to enhance restructuration at the origin of thixotropy since it 
allows particles to explore different positions in the medium, each with different potential 
energies [2 ].
The interactions in colloidal suspensions are complex functions of the particles size, 
1 concentration, and distribution. The stability of a colloidal system is determined 
by the net forces resulted from summing the repulsion and attraction forces between 
particle's. These net force's determine the energy of the colloidal suspension, and therefore 
the force needed t.o break the connections between the; particles in order to  introduce a 
change; or a How to the- system.
3.6 Rheological m easurem ents
Rheological measurements are commonly presented by the flow curve anel vielel stress, 
that are discussed in the; folle)wing se;e:tie>ns.
3.6.1 Flow curve
The; fle>w curve is the; ple>t. of shear stress as a function of shear rate. Shear rate  can be 
applie;el in e;ithe;r elesceneling or ase:eneling order. In certain materials, the asceneling and 
descending flow curves are identical and the flow curve is said to be reversible. However, 
elecreasing the shear rate, is considered a safer procedure to measure intense shear thick­
ening behavior [16]. Non-reversibility can be characterized by different ascending and 
descending flow curves. This difference can be attribu ted  to particles alignment or to 
time dependent phenomena in the material like thixotropy [16]. Because of the immense 
diversity in rheological behavior of materials, knowing the range of shear rate  tha t the 
material will undergo in practice' is of prime im portance to avoid unrealistic flow curves 
[19].
3.6.2 Static and dynam ic yield stress
It is often difficult to  accurately define yield stress because of the wide variety of stress- 
strain curves exhibited bv materials. From a practical standpoint, yield stress is defined 
as "the maximal stress a t which no flow is observed during a reasonable time frame’ [2 0 ].
In a suspension of spheres, the suspension shows a yield stress at particle volume 
fractions greater than 50%. This pheneomenon is attributed to the particles’ networks 
formation tha t act to prevent flow [21]. In this high volume fraction state, the particle 
network deforms elastically in response to an applied stress transm itted via direct particle- 
partiele contact. The yield stress is reached at a point when the applied stress is sufficient
38
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to bring the network to the point of break up. Beyond this point, the suspension flows 
viscously in responce to the applied force. From this perspective, the yield stress can be 
well described by a modified form of the Maron-Pierce relationship:
where
t 0 : yield stress (Pa)
t * :  a fitting parameter; the value of the yield stress at <p =  0 m (l- \/2 /2 )  
0 : volume fraction (-)
0 „,: maximum volume fraction (-)
From equation 3.5, it can be deduced that yield stress increases with the solid concentra­
tion (or volume fraction). This finding is further validated through Figure 3.2 that also 
demonstrates that yield stress increases with the particle size for a given volume fraction 
[22]. Equation 3.5 is one possible description of yield stress; other interpretations of yield 
stress based on established physical principles can be found in literature.
In practice there exist two different ways of measuring the yield stress that each 
deliver different types of values. The first is a dynamic method yielding a value known as 
the dynamic yield stress, the second is the static method delivering the static yield stress. 
The question that arises here is, which yield stress should be used? A good starting point 
is to identify the flow process of interest. In the case of flow stopping after shear, then 
the dynamic yield stress is the key determinant. On the other hand, if the interest is 
the energy needed to initiate movement in the first place (for example pumping start-up) 
then the static yield stress will prove the key parameter. The most common method used 
for obtaining the dynamic yield stress is to shear the sample over a range of shear rates, 
plot the shear stress as a function of the shear rate, and finally fit a curve through the 
data points by means of a rheological model (see Figure 3.3a). The intercept of the fit 
line with the stress axis is considered the dynamic yield stress, which is used to describe 
the material behavior in motion (i.e. under shear). Theoretically, any stress below this 
value should be insufficient to create flow. Another approach to measure the yield stress 
is to start shearing the sample from its at-rest state and incrementally increase the stress 
until the value at which it starts to flow (see Figure 3.3b). This value is called the static
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F igure 3.2: Effect of particle size and solid concentration on yield stress [22].
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Figure 3.3: Shear m te rump reveals dynamic and static yield stress. For the static 
yield stress the test starts at rest-state (zero shear rate).
yield stress and is usually higher (or equal) than its dynamic counterpart for a given 
material. When tested below the static yield stress, the sample is not completely moving 
but rather undergoing elastic deformation. For the majority of practical purposes, the 
flow rates during elastic deformation are so low tha t it can be assumed as static.
It, should be noted here that the testing procedure of the dynamic yield stress is 
easier to perform, but it is more sensitive to variations and errors [4. 20]. The choice 
of the minimal shear rate  significantly influences the value of the dynamic yield stress, 
even if the same rhelogical model is applied [16]. Different values of the yield stress, even 
illogical ones, can be obtained with one measurement, especially when low yield stress is 
expected; making yield stress a difficult param eter to measure.
3.6.3 Thixotropy
Thixotropy can be defined as a decrease of viscosity over time under a constant shear 
stress or shear rate, followed by a gradual recovery when the stress or shear rate is 
removed [5] (see Figure 3.4). This time-dependent phenomenon can be attributed  to the 
formation of "physical" connections caused by the attracting forces between the colloidal 
particles [23 25]. These forces create a coagulation effect between the particles leading to 
an increase in viscosity of the suspension. If a sufficient amount of energy is introduced to 
the medium, the particles will break their connection and de-floeculate leading to lower 
viscosity. Although many assumptions have been made to explain thixotropie behavior, 
characterizing thixotrpy by means of a m icrostructural approach is very challenging.
For the last fifty years the dominant method to measure thixotropy has been by mea­
suring the area of what is called the "thixotropie loop", or a area related to the thixotropie 
loop [26, 27]. The method is based on successively measuring the loop throughout in­
creasing and decreasing sequences of applied shear rates (see Figure 3.5). The surface 
between the descending and ascending curves is measured and considered as representa­
tive of the work done to break some of the connections per unit tim e and unit, volume of 
the material. Despite its wide use, this measurement approach suffers from a couple flaws. 
Firstly, it is very dependent on the test apparatus and procedures [29], and secondly it 
does not consider intrinsic value of any physical rheological param eter since flocculation 
and de-flocculation cannot be separated [28]. The argument, is th a t the measured surface 
can be the same for a m ixture displaying fast flocculation and fast de-flocculation and a 
m ixture displaying slow flocculation and slow de-flocculation, although the two mixtures
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Figure 3.4: Response of a thixotropie material (solid black line) and non-thixotropic 
material (dashed line) to sudden changes in shear rate (solid grey line). Adapted from 
[16).
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Figure 3.5: Example of thixotropie loop for a cement paste. The hashed area shows 
the surface confined by the increasing and decreasing shear rate ramps [28).
will behave very differently in practice. To overcome the inconveniences of the traditional 
method, new analytical models have been recently developed introducing a now struc­
ture (or flocculation) param eter A. The param eter describes the apparent rheological
properties of the material and better interprets the macroscopic thixtropical behavior of 
concrete'. Useful in this connection is the constitutive mathematical form proposed by 
Cheng and Evans [30], explaining thixotropy by linking the shear stress to the shear rate 
and the flocculation param eter (A):
t  = v { 7, A) 7  (3.6)
f/A „, ». ,
^T =  /(7 ,A ) (3.7)
where
r: shear stress (Pa)
7 : shear rate ( 1 /s)
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A: structure param eter, varying from 0 (no structure) to 1 or oo
viscosity as a function of the shear rate and structure param eter (Pa s) 
(full structure) (-)
/ ( 7 , A): function describing the rate of change of the structure parameter, as a 
function of shear rate  and the structure param eter itself.
Recently, less general models have given more importance to the flocculation phenomenon
[28] with the goal of describing the thixotropie behavior. A good example of these mod­
els is the one developed bv Mewis et. al [5], interpreting tliixotropv in deference to the 
change of the structure with time:
T (7 , t) = At0 +  A/vS(7 ?i +  A'ooY' (3.8)
^  =  -  Ah 7  A +  K-rim (1 -  A) +  A':, (1 -  A) (3.9)
where
To-, yield stress (Pa)
K st: consistency factor due to the structure (Pa s")
A'fx,: consistency factor at A= 0  (Pa s")
A'i, K 2, A :j, m: factors describing change of structure in time 
f: elapsed time (s)
The first term (Ar0) in equation 3.8 represents the yield stress influenced by the structure, 
while the second one (XKst'yn) represents the contribution of the structure to the flow 
resistance, and the last term (A<x>7 ") is the power-law of shear rate when the structural 
is broken down completely. The changes in the structure with time are described in equa­
tion 3.9. They include breakdown changes (first term ), shear-induced build-up changes 
(second term), and build-up at rest due to Brownian motion changes (last term ). Other 
models describing the thixotropie behavior of concrete and cement paste m aterials are 
discussed in section 3.7.2.
28 C h a p t e r  3  R h e o l o g y  o f  S u s p e n s i o n s  a n d  C e m e n t - R a s e d  M a t e r i a l s
3.7 Rheology of Concrete
The following sections outline the Theological behavior of concrete in steady-flow state 
and explain various time-dependent phenomena including, thixotropv, structural break 
down, and loss of workability.
3.7.1 Rheological m odels for the steady state
Most of the available rheological models describe the concrete behavior in the steady 
state, which is achieved by eliminating all time-dependent properties in concrete [31]. 
In practice this means subjecting the concrete to a sufficient shear effect over a certain 
period of time, that varies with each mixture.
There exist numerous models to describe the rheological behavior of concrete in 
steady state, however it is difficult to capture with sufficient accuracy all possible trends 
using a single model [32]. Rheological analysis involving a single model is only possible 
with careful model selection. In this respect, finding the appropriate model is a crucial 
step in the analysis phase, involving consideration of the intrinsic properties of the tested 
concrete, the range of the testing shear rate, and each model’s specific advantages and 
disadvantages. The most used models to describe the rheological properties of cement- 
based materials are presented in Table 3.1.
Table 3.1: Rheological models for cement-based materials. Adapted from [33j.
Model Equation N um ber
Newtonian r =  PY 1
Bingham  ^ =  r0 +  g pY 2
Herschel and Bulkley r  =  r0 +  K y n 3
Casson model Vt = 4
Modified Bingham model T = To +  f*Y +  c f 2 5
Sisko model r) =  g a, +  K y n- 1 6
where
r:shear stress (Pa) 
p: viscosity (Pa s)
7 : shear rate (1 /s)
t0 : yield stress (Pa)
p p: plastic viscosity (Pa s)
K . consistency factor in Hershel-Bulkley model (Pa sn) 
n: How index in Hershel-Bulkley model (-) 
c: regression constant in the modified Bingham model (Pa ,s2) 
r/: apparent viscosity (Pa s)
/ /x,: viscosity at infinite shear rate (Pa s)
As listed in Table 3.1, all models, excluding Newton’s, use at least two param eters to 
describe the flow. The Herschel-Bulklev model contains three param eters, one of which, 
n (the flow index) does not represent any physical property, bu t defines the degree of
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non-Newtonian behavior (shear thickening for n > 1 , and shear-thinning for n < 1 ); K 
represents the consistency factor, which is not a physical entity neither. Characterizing 
a liquid in terms of these three param eters gives a much richer description of its rheology 
than is possible with a single value of apparent viscosity [3]. The Bingham model (2) 
has been commonly used for rheological investigations on cement pastes [34], while the 
Hershel-Bulkely model (3), the Casson model (4), and the modified Bingham model (5) 
have been used in comparative studies of rheological models [35 37]. Sisko’s model (6 ) 
has the advantage of calculating viscositv at a theoretically infinite shear rate [33, 
37],
In general, many researchers approve on using the Bingham model to describe the 
rheological behavior of conventional concrete when a linear shear stress-shear rate rela­
tionship is expected. In some cases with SCC where non-linear behavior is anticipated, 
applying the Bingham model may lead to negative values of yield stress, which is physi­
cally impossible [38]. To avoid this problem, rheologists suggest a non-linear rheological 
model such as the Herschel-Bulkley model; considered one of the most appropriate non­
linear model, particularly in the case of shear thickening [39]. Although the Herschel- 
Bulkley model is most frequently applied for non-linear concrete rheology, it has several 
downsides. Firstly, difficulties arise when determining the physical meaning of the con­
sistency factor (K) which takes the dimension of P a sn indicating its dependency on the 
material properties [16]. Secondly, the slope of the Hershel-Bulkley curve tends to zero 




Another model describing the non-linear behavior of concrete was recently developed by 
Yaliia and Khayat [32] as the modified Bingham model (5), by extending the Bingham 
model with a second order term. The shear thickening in the modified Bingham model is 
identified for c > 0, while the shear thickening for c < 0. The drawback in the modified 
Bingham model is that no physical meaning of the second order term (c) has been found 
yet [16], but there is still a possibility due to its fixed dimension.
In conclusion, the Bingham model is most applicable in cases of linear rheological 
behavior (such as for CVC), and the modified Bingham and Hershel-Bulkley are most 
applicable in the case of non-linear behavior. Despite the faet, th a t the Hershel-Bulkley 
and modified Bingham models show adequate ability to describe nonlinearity in concrete 
behavior, many doubts still surround the physical meaning of some of their parameters. 
Presently, one of the most commonly used models in concrete research is the Bingham 
model. Applying the Bingham model to slight non-linear behavior may result in an 
acceptable measurement error. On the other hand, applying the Bingham model in the 
case of strong nonlinearity may result in negative yield stress [38]. At this point, the choice 
then between the modified Bingham and the Hershel-Bulkley model remains in question 
depending on the real rheological behavior of the mixture during testing. Specifically, 
in this investigation, it was found that the Bingham and the modified Bingham models 
describe fairly well the rheological behavior of the vast majority of the tested concrete 
in cases of linearity and nonlinearity. Both models will, therefore, be applied to all the 
results through the different phases of the experimental program, unless otherwise stated.
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3.7.2 Transient behavior
For any concrete there exists a transient phase between two successive steady states, 
during which a yield stress model is not sufficient, to describe the rheological behavior 
[31]. The interactions between the particles in this phase lead to some rheological time- 
dependent properties such as: thixotropy, structural break down, and loss of workability. 
These phenomena and their anticipated causes are described in the following sections.
Thixotropy
Thixotropy has been primarily described in section 3.6.3. Because thixotropie behavior 
is reversible, the major complication in determining thixotropie properties consists of the 
influence of the shear history. The shear history of the material influences the behavior at 
the moment the measurements are performed [40-42]. From this perspective, a reference 
point is needed in order to evaluate the thixotropie behavior accurately. Two state's can be 
proposed a t this stage, the completely flocculated state, or the completely de-Hocculated 
state [28]. In practice, however, none of these states can ever be reached [28]. Several 
researchers agree on th a t the most suitable reference state  is the most de-flocculated state 
of the concrete flow history measured immediately after mixing [28].
Different test methods to determine thixotropy are available in literature. The loop 
curve method (previously described in section 3.6.3) can be considered one of the easiest. 
Thixotropy can also be practically characterized by determining its effect on the increase 
in static yield stress with time. This can be easily determined by performing static yield 
stress measurements on a material, which has been kept at rest in the rheometer for a 
certain period of time [43-45]. Comparing the results obtained a t different resting times 
gives information on the thixotropie build-up. Besides the above discussed approaches, 
a number of m icrostructural models have been developed with the goal of characterizing 
thixotropy from a practical viewpoint. Although these models seem very logical, it is not 
evident which of the different parameters of the equations need to be adjusted through 
experiments, calculations or simulations [16]. A good example of these models is the 
simplified model of Roussel [28]. Assuming tha t concrete follows Bingham behavior and 
the yield stress at rest increases linearly with time (equations 3.11, and 3.12), the Roussel 
model determines the influence of thixotropy on the static yield stress. On the other hand, 
the influence of thixotropy on the plastic viscosity is not relevant (as indicated in equation 
3.11), since it may be neglected in practice in short time applications (not more than 30 
min [28]).
t  =  ( l  +  Aoc t 0 +  /ip7 (3-11)
\  = \ 0~a*,t (3.12)
where
r: shear stress (Pa)
A0: initial structural state (-)
A: flocculation sta te  of the material (0 -  fully dispersed, oo =  fully coagulated) (-) 
a: thixotropy param eter (-)
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t: time (s)
/y . plastic viscosity of cement paste or concrete (Pa s)
7 : shear rate ( 1 /s)
The flocculation state A depends on the flow history, if the mixing phase is considered 
the reference point (the phase when the maximum shear rate is applied), then A is equal 
to zero. This implies th a t the contribution of thixotropy to the yield stress is also equal 
to zero. Over time, A will evolve from its initial zero value to a positive value according 
to equation 3.12. The structural build up at rest is then described by equation 3.13, 
assuming th a t the shear rate at rest equals zero, the apparent yield stress then becomes:
To (t) = (1 + A) To =  To +  T()— =  T() +  Ati,t (3.13)
w here
Ath = “  (3.14)
As shown in equation 3.14, A th is a material constant representing the flocculating rate 
(Pa/.s) and indicating the linear increase of yield stress with the rest time (t). From 
equation 3.13 it is evident tha t thixotropy is an significant param eter to determine the 
energy needed to de-flocculate a concrete kept at rest for a certain period of time, which 
is a significant param eter involved in many concrete applications 011 job sites.
Structural breakdown
The term  "structural breakdown" was first introduced by Tattersall in 1954 [46]. The 
mechanisms of this phenomenon are attributed to the processes of breaking certain 
chemical linkages between the cement particles formed by the hydration process [25]. 
The breaking of linkages is considered to be an irreversible structural breakdown thus 
non-thixotropic. This has been justified by the theory considering tha t when concrete 
undergoes a shear effect, the groups of cement particles tha t share a single hydrant break­
down and a new membrane rapidly forms around the dispersed cement particles, partially 
inhibiting further agglomeration [47, 48]. The formation of these membranes has been 
practically validated using environmental scanning electron microscopy [48].
In 1954, Tattersall characterized the structural breakdown in cement pastes using a 
coaxial viscometer and equation 3.15 [46]:
T  = Te + (To -  Te ) exp ( — Bt)0 l-  (3.15)
Where T  is the torque a t time t, while the suffixes 0 and E refer to the initial and 
equilibrium states; B in this case could be considered as the inverse of the de-flocculation 
characteristic.
A nother method has been widely used to assess the structural breakdown in cement 
paste through evaluation of the hysteresis loop area and plastic viscosity, as depicted in 
Figure 3.6. Despite its wide use, the method suffers from major inconveniences because
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of its high dependency on the testing procedures and equipment, as previously outlined 
in section 3.G.3.
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Figure 3.6: Typical hysteresis loop to calculate structural breakdown for hand- 
niixed paste prcsheared at 100 1/s. The plastic viscosity is calculated using the slope 
of the hysteresis down curve from 300 to 100 1/s (filled black circles) [49J.
Loss o f workability
The term "loss of workability" refers to  the reduction of concrete workability w ith time, 
which is considered a major problem in the concrete industry. The loss of workability 
is explained by the formation of perm anent connections due to coagulations or chemical 
reactions between cement particles able to  resist a certain amount of applied work [23 25]. 
Concrete technologists have adopted various methods for managing the inevitable loss 
of workability over time. The most common practices range from retempering concrete 
with water a t the job site to adding High-Range W ater Reducing Admixtures (HRWRA) 
during mixing. Retempering concrete is probably one of the most common solutions 
to loss of workability, because it is the most intuitive to workers. Such a solution can 
degrade' the quality of the concrete by disturbing the intended of w ater-tocem ent ration 
(m /cm ), which may exceed the target value w/cm. In the case of SCC, because of its 
sensitivity to water fluctuations and stric t stability requirements, the practice of adding 
water is more avoided.
Due to the inherent inadequacies of the first method, adding retarding adm ixtures 
is probably the most practical way of fighting against workability loss. Also, hydration- 
controlling and retarding admixtures have a successful history of improving workability 
retention. The advance in Viscosity-Modifying Admixtures (VMA) has also helped to 
overcome the loss of workability [50]. Many VMAs are widely used nowadays to maintain 
workability over different periods of time depending on the required application.
The downside of using HRWRAs and VMAs is they are highly sensitive to changes 
in the mix proportion, mixing procedures, and am bient temperature. Because of their 
sensitivity, VMAs or HRWRAs if used in adequate dosages may result in undesired 
properties especially in hot-weather conditions.
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3.8 C oncrete rheom eters
The Con Tec and ICAR rheometers, used in the experimental program of this investiga­
tion, are described in terms of operating systems, testing procedures, and data interpre­
tation processes.
3.8 .1  T h e C onT ec R h eom eter  
Description
The ConTec Viscometer is a coaxial cylinder rheometer in which a stationary inner cylin­
der measures the torque and an outer cylinder rotates at variable angular velocities to 
create the shear effect [46]. Several versions have been designed from the basic apparatus 
and can be used depending on the maximum aggregate size in the suspension. Each mea­
suring system is related to the diameter of the inner cylinder. Figure 3.7 shows ConTec 
Viscometer 5, the best known version, and the Viscometer 4, a smaller model designed 
mainly for mortar and highly fluid concrete [51]. The entire apparatus is user-friendly, 
fully-automated, and controlled by a computer software installed and operated via a 
touch screen monitor located at the head of the machine.
F igure 3.7: The ConTec rheometers at the Universite de Sherbrooke. The ConTec 
5 for conventional concrete and SCC (left), ConTec 4 for SCC and mortar (middle), 
and ConTec 6 for micro mortar and paste (right).
As presented in Figure 3.7, both inner and outer cylinders contain ribs parallel to 
their axis to reduce the risk of slippage. The inner cylinder consists of two parts, the 
upper measuring unit and the impeller. The upper part is stationary and connected to 
a sensor to measure the torque, while the lower impeller is used to minimize the effect of 
any potential 3D flow, ensuring that only two-dimensional shearing of the testing material 
will occur [16].
Personal experience with the ConTec rheometer reveals that depending on the mix 
design, some water droplets can migrate from the concrete toward the highest shear rate
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zone located in the vicinity of the inner cylinder. This migration can result in some 
inhomogeneous material distribution in the tested sample, leading to inaccurate mea­
surements. Hence, the appropriate choice of the pre-shearing period and the maximum 
shear rate are of outmost importance to avoid any segregation or particles separation 
during testing.
Data treatm ent
Average torque and rotat ional velocity at each time step are calculated by default via the 
operating software and plotted in a torque-rotational velocity diagram. After each test, 
the raw d a ta  are temporarily available for separate analysis. This can be useful in order 
to investigate if the data  points have been obtained in equilibrium conditions and no large 
fluctuations in the torque measurements occurred. By applying the Reiner-Riwlin equa­
tions (3.20 and 3.21), the data  points can bo transformed into a flow curve expressing the 
relationship between shear stress and shear rate [33, 52, 53]. The advantage of using the 
Reiner-Riwlin equations is that the transformed values are independent of the geometry, 
as long as it is a concentric cylinder geometry [16]. Nevertheless, the transformation by 
Reiner-Riwlin’s equations requires a preliminary choice of the rheological model; chang­
ing the rheological model will change the transformation equations. In the absence of a 
presumed model, approximation can be made using equations 3.16 and 3.17, to transform 












The developers of the ConTec Viscometers have chosen to impose the Bingham 
model on all results so tha t fundamental rheological units may be obtained [16]. The 
transform ation of the torque versus rotational velocity is a two-step process. Firstly, the 
linear relationship of torque as a function of rotational velocity is determined according 
to equation 3.19:
T  = G +  H N (3.19)
when;
T: torque (N m)
G\ intercept of the relationship with the T-axis, for N — 0 (N m)
H: slope of relationship between T  and N (N in s)
N: rotational velocity (rotation/s)
Secondly, the values of G and H are transformed into yield stress (tq) and plastic viscosity
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(/ip), tIk; two parameters of the Bingham model, by means of equations 3.20 and 3.21 
(Reiner-Riwlin equations).
where
t (): yield stress (Pa)
G: G from equation 3.19 
/?.p radius of inner cylinder (m)
R„: radius of outer cylinder (m)
/;: height of inner cylinder submerged into concrete (m)
Hp: plastic viscosity (Pa s)
//: H from equation 3.19 (N m s)
Note tha t the Reiner-Riwlin equation does not transform data points from the T-N 
graph to a shear stress-sliear rate diagram, but a pre-defined relationship between T  and 
N is transformed into a shear stress-sliear rate relationship. Equations 3.20 and 3.21 are 
only valid if the material between the two cylinders is entirely sheared. If the shear stress 
a t a certain radius in the rheometer is lower than local yield stress, the material is not 
sheared and plug flow is obtained. In this case, the equations need slight modifications, 
as described in [52].
In case the Bingham model is not valid (due to non-linear behavior of concrete for 
example), equations 3.20 and 3.21 need to be changed by incorporating a non-linear model 
(such as the Hershel-Bulkley or the modified Bingham models). This is exemplified in 
equations 3.22-3.25 where a "new Reiner-Riwlin" equation has been derived in [54, 55] 
based on the Herschel-Bulkley relationship incorporating a third param eter th a t needs to 
be determined and transformed. As indicated in equations 3.23 and 3.24, the relationship 
between T  and N from equation 3.22 is transformed into a Herschel-Bulkley relationship.
(3.20)
(3.21)
T  = G + K HB.N m (3.22)
(3.23)
(3.24)
n = rn (3.25)
3 6  C h a p t e r  3  R h e o l o g y  o f  S u s p e n s i o n s  a n d  C e m e n t - B a s e d  M a t e r i a l s
where
G nu, R im ,  he Herschel-Bulkley param eters of the T-N relationship
To, K , n : Herschel-Bulkley param eters of the shear stress-shear rate relationship
Similar to equations 3.22-3.25, an extension of the Reiner-Riwlin equation using the
modified Bingham model was derived, as presented in e<iuations 3.20-3.28 [50]:
* = ( d  { : m
4W,lnU)
/ /  (  1 _ 1
V R 2 R 2 >
/* -  v _ , , .  '  c m8 7 i2h
t  1
C L - - ), R 2 R 2J ( R 0 ~ R , )
c -  StGIi < jm R ~ )  (J 8)
W hen; the relationship between the torque (T) and rotational velocity (N) for the mod­
ified Bingham model is defined by equation 3.29.
T  = G +  H N  + C N 2 (3.29)
where
r0: yield stress (Pa)
G: G from equation 3.29 
/?,: radius of inner cylinder (m)
R„: radius of outer cylinder (m)
h: height of inner cylinder submerged into concrete (m)
//: viscosity (Pa s)
H: H from equation 3/29 (N m s)
c: regression constant in the modified Bingham model (Pa .s2)
C: C from equation 3.29
One can use the raw d a ta  file in order to apply equations which are not (yet) incor­
porated in the software [16] such as equations 3.23 and 3.24 for the Herschel-Bulkley 
model, or equations 3.26-3.28 for the modified Bingham model .
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3.8.2 The ICAR Rheometer 
Description
The ICAR rheometer is a portable coaxial cylinder rheometer developed at the Inter­
national Center for Aggregate Research (ICAR) at the University of Texas. The ICAR 
rheometer provides a low-cost, rugged, and simple instrument that can be used on job 
sites to characterize the flow behavior of concrete. As shown in Figure 3.8, the ICAR 
rheometer is composed of a container, a driver head with an electric motor, a torque 
meter, a four-blade vane that is held by the chuck on the driver, a frame to attach the 
driver (or vane assembly) to the top of the container, and a laptop. The laptop is used 
to operate the driver and record the torque and velocity during testing. The container 
serves to hold the concrete and it contains a series of vertical ribs around the perimeter 
to prevent concrete slippage along the wall during testing (Figure 3.8). The size of the 
container and length of the vane shaft are selected based on the nominal maximum size 
of the aggregate. For the purpose of this investigation, a vane with a diameter and a 
height of 127 mm was used.
Testing procedure and data treatment
The testing procedures of both the ICAR and ConTec rheometers are similar to each 
other. Simply put, a set of velocities is applied to the concrete and the corresponding 
torques are measured. The number of data points and velocity steps can be adjusted 
easily. During each step, the velocity is held constant and the average velocity and 
torque are recorded. The ICAR rheometer software performs all the necessary functions 
(operates the driver, records the torque, computes test results, and stores data). The data 
are available for custom analysis and can be transformed into a flow curve expressing the 
relationship between shear stress and shear rate (as discussed in the previous section). 
In case of plug flow, the equations need slight modifications as described in [52]. Despite 
that the ICAR is a convenient tool to measure rheological properties of concrete on job
Figure 3.8: The ICAR rheometer [57].
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sites, the practical experience with the ICAR (of the Universite de Sherbrooke) showed 
that it can deliver different results than the ConTec rheometer. A comparison between 
the measurements of both rheometers and further details concerning this matter are 
presented in the following section.
3.9 Comparison between the ConTec and ICAR  
rheom eters
Encountering inaccurate test measurements is quite normal in any scientific research; 
the deficiency in the measurements can be related to several cause's such as the operator 
error, defects in the Resting equipment, data  treatm ent process, etc. Throughout this 
investigation and for some uncertain reasons, the rheological measurements obtained with 
the ICAR and ConTec rheometers (of the Universite de Sherbrooke) were not identical. 
A special campaign was carried out in order to compare the results and find a correlation 
between the measurements of both rheometers.
The comparative study covered a wide scope of SCC and HWC mixtures with vis­
cosities between 20 and 150 Pa s (measured with the ConTec), and yield stress up to 650 
Pa. All m ixtures were tested simultaneously in both rehometers to avoid any aside effect 
of time on the results. Also, in both rheometers, the concrete sample was pre-sheared 
for 20 seconds to eliminate any possible effect of thixotropy on the measurements. Af­
terward, the rotational velocity was decreased in both rheometers through 10 steps (5 
seconds each) from the maximum rotational velocity (0.5 rps) to the minimum velocity 
(0.03 rps). The measured torque (T) and rotational velocity (N) were averaged and regis­
tered during the last 4 seconds of each step. From the T-N relationship, t he slope (H) and 
intercept with the T-axis (G) were calculated for both rheometers and transformed into 
yield stress and plastic viscosity, respectively, by means of the Reiner-Riwlin equation
[53]. Plug flow was verified by comparing the shear stress applied at the most outer point 
(at R0) with the measured yield stress. If a shear stress value lower than the yield stress 
was obtained, plug flow was considered and the yield stress and plastic viscosity were 
recalculated (by replacing R 0 by Rv in the Reiner-Riwlin equation) through an iterative 
process in order to eliminate this influence.
The test results of the concrete mixtures including viscosity and yield stress mea­
sured in both rheometers are illustrated in Figure 3.9. As indicated in Figure 3.9a, 
the ICAR underestimates viscosity and, in some cases, overestimates yield stress com­
pared to the ConTec. This could be due to some malfunctions in the machine or the 
accuracy of its measuring system. It could also be a ttribu ted  to the test geometry; for 
example the full-plate vane in the ICAR may somewhat affect the homogeneity of the 
tested sample, especially when testing mixtures with low viscosity. This phenomenon 
was witnessed throughout several experiments as segregation problems within the tested 
sample. This could be explained by the dynamic collision occurring between the driven 
aggregate and the full-plate vane which urges the aggregates to sink down the reservoir. 
Consequently, the concentration of aggregate becomes higher at the bottom of the tested 
sample, whereas the concentration of paste becomes higher at the top.
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F igure 3.9: Relationship between (a) viscosity and (b) yield  stress o f concrete 
mixtures tested simultaneously in the ICAR and ConTec. Feys D. et a 1. (2012), 
unpublished raw data.
A s shown in Figure 3.9, the correlations between the viscosities and yield stresses 
measured in both rheometers can be described as follows:
• P lastic  viscosity
- Plastic viscosity < 150 Pa s (measured with the ConTec rheometer)
As an overall evaluation, it is believed that the ConTec rheometer is more reliable 
than the ICAR by virtue of its stable and accurate measuring system. Unfortunately, 
transferring the ConTec rheometer to the job site was not possible. Therefore, throughout 
several phases of the experimental program the ICAR was used. In these instances, the 
rheological properties were converted to the equivalent rheological properties obtained 
by the ConTec rheometer, using the relationships established above.
P ConTec  == 1-9 P l C A R
Yield stress:
- Plastic viscosity < 100 Pa s (ConTec) and yield stress <  100 Pa:
(3.30)
P C onT ec  =  1 09 P l C A R  ~  10.32 
- Plastic Viscosity > 100 Pa s (ConTec) or yield stress > 100 Pa:
(3.31)
P ConTec ~  —0.00071 P ^ C A R  +  ^ - ^ P l C A R  ~  8.51 (3.32)
3.10 C oncrete tribom eters
Tribology in its narrow sense has been previously defined in section 2.4. When the 
concrete is in relative motion with a steel interface (a pumping pipe for example), the 
steel-concrete interface plays an important role in determining the flow behavior of the
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concrete. Different attem pts, using various types of tribometers, have been made in 
literature to determine the tribological properties of concrete. Several kinds of these 
tribometers as well as the one developed at the Universite de Sherbrooke (UdS) are 
described in the following sections.
3.10.1 B est and Lane tribom eter (1960)
Best, and Lane (1960) developed and validated a tribological tost, on a pumping circuit, 
using pipes with an inner diameter of 150 mm [58]. The test consists of pushing the 
concrete via hydraulic piston in a 250 mm pipe at a controlled velocity. At the end of the 
pipe, the concrete must pass through an elliptical reducer, decreasing the initial cross- 
section bv 16%. The energy used to force the concrete! to pass through the reduction 
is measured and used to assess the pumpbility of the tested concrete. Even though 
measuring the force needed to make the concrete pass the reduction does not permit the 
measurement of its tribological behavior, the following conclusions obtained from this 
experiment can still be highlighted:
• The high water content favors the development of segregation during pumping, 
and low water content below a certain limit will hinder pumping and abundant 
resistance can be expected.
• For a fixed granular distribution, a minimum am ount of m ortar is required to make 
the concrete pumpable.
• The shape of coarse aggregate strongly influences the pumping pressure, especially 
if the m ortar content is relatively low.
• The maximum aggregate size has a minor influence on the pumping pressure as long 
as the m ortar is sufficient to provide proper lubrication for the coarse aggregate.
• The presence of fly ash increases the granular compactness, thus for a fixed water 
content, concrete shows a better deformability and pumpabilitv with increasing the 
fly ash content.
3.10.2 Tribom eter developed by M orinaga (1973)
Morinaga’s tribom eter was developed to suit actual pumping conditions [59]. It consists 
of a 2-m long pipe with a diameter of 50 mm placed on wheels. A special set connected 
to a load cell is used to apply a balancing force in order to hold the pipe in place during 
testing. Concrete is placed inside the pipe and pushed using pressurized air. The load cell 
measures the force necessary to hold the pipe in place and thus gives the stress generated 
between the concrete and the pipe wall, which can be related to the pumping pressure.
3.10.3 M odified B T R heom  (K aplan, 2001)
Kaplan developed his tribom eter using the frame of the BTRheom [60]. The outer wall 
of the BTRheom, employed to contain the concrete between the parallel plates, is used 
as outer cylinder. The radii of the inner and outer cylinders are 75 and 175 mm, while
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the height is 200 mm. K aplan’s tribom eter is a practical tool th a t can be easily used 
in the field, bu t the sealing between the stationary bottom  plate and the rotating inner 
cylinder is problematic. The sealing is provided by a rubber strap and causes parasitic 
friction, and consequently a bias in the measurements. The testing procedure for the 
Kaplan tribom eter is similar to tha t for the cylindrical rheometers: a set of rotational 
velocities is applied, and the resulting torque is measured. The relationship between the 
measured torque and the applied rotational velocities is used to determine the tribological 
properties of concrete. Further details concerning the data  treatm ent for this tribom eter 
are discussed in section 5.7.
3.10.4 M odified Tattersall M k-III rheom eter (C hapdelaine, 
2007)
Chapdelaine developed a concrete tribom eter to measure the interaction between concrete 
and a steel or rubber wall [61]. A bowl of the same size as the IBB rheometer (360 mm 
in diameter and 250 in height) is used. Fixed blades of 12 mm wide an ' placed on the 
inside walls of the bowl, at the bottom and in the center, to prevent concrete slipping, 
while a clearance between the edge of the cylinder and the bottom of the bowl of 50 mm 
is maintained. A sketch of the bowl and the moving part of Chapdelaine’s tribom eter 
are depicted in Figure 3.10.
As the open cylinder is rotated in the bowl, a lubrication layer is formed on both 
sides of the rotating cylinder. This simple design has allowed the testing of different 
materials as rotating cylinder. In theory, the modified Tattersall Mk-III tribom eter can 
be applied on HWC and SCC, but only with a lot of precautions. The main complexity 
is caused by the double-sided flow in the tribometer [62]; the concrete undergoes different 
flow conditions on both sides as the outside has a lower shear rate than the concrete on 
the inside.
Figure 3.10: Sketch of the tribometer developed by Chapdelaine (2006), all dimen­
sions in mm.
3.10.5 Portable tribom eter developed by Ngo (2009)
Ngo’s tribom eter can be considered as an accurate, stable tool of reasonable cost to 
measure the interaction at the concrete-steel interface in the case of CVC [63]. This
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tribometer consists of a cylinder with a radius of 54 cm and a height of 100 mm tha t 
can rotate in a stationary cylindrical reservoir with a radius of 150 mm. The testing 
procedure includes two consecutive series of measurements. The first set is performed 
on the concrete with the 50-mm deep reservoir half full to determine the effect of the 
concrete bottom layer on the measurements. The second set is performed with the 
rotating cylinder entirely immersed in concrete. In both cases, the rotational velocity 
is imposed in a loop order and the resulting torque is measured. The properties of the 
lubrication layer of CVC can thus easily be determined when subtracting step 1 from 
step 2. W ith a typical high yield stress of CVC, the concrete is not sheared in the 
tribom eter’s gab. As a result, the properties of the lubrication layer can be determined 
from the torque-velocity relationship. When defining G as the intercept of the line (in the 
torque-velocity relationship) and H as the slope of the line, the yield stress and viscous 
constant (expressed in Pa s/m ) can be calculated using equations 3.33 and 3.34.
7,1 =  (3,33)
T°l =  2.2tt H2h 3^ '34^
The above equations are only applicable when the concrete is not sheared. In the case of 
SCC, this condition is not likely to be fulfilled due to its low yield stress. The registered 
torque in the tribological test then includes both effect of the sheared concrete and the lu­
brication layer. As a result, another approach to interpret the tribological measurements 
in the case of SCC is required (described in section 5.7). Despite th a t Ngo’s tribom eter is 
an instrum ental tool to determine the tribological properties of CVC, using this tribom e­
ter in the case of SCC (or HWC) can result in inaccurate measurements. For example, 
in the first step of the testing procedure, the concrete would rather flow like in a parallel 
plate rheometer, while it is confined by vertical walls. In the second step, the concrete 
underneath the inner cylinder is sheared as in a parallel plate rheometer, whereas the 
concrete next to the inner cylinder is sheared like in a coaxial cylinder rheometer, bu t the 
other part of the concrete undergoes a complex 3D shearing pattern [62]. These problem 
were avoided in the design of the UdS tribom eter by extending the height of the inner 
cylinder in such way tha t the effect of the bottom  can be quantified [62].
3.10.6 D evelopm ent o f the U dS tribom eter (2012)
A new tribom eter was developed at the Universite de Sherbrooke in the context of this 
research. Certain inconveniences found in the previously presenter! tribom eters were 
avoided in the design of the UdS tribometer. The new tribom eter is based on the T atter­
sall Mk-III rheometer as a modified version of the Ngo tribom eter [63] (see Figure 3.11). 
The planetary motion of the impeller is removed and the H-impeller is replaced by a 
smooth steel cylinder th a t can rotate centrally at different velocities in a cylindrical 
reservoir. The diameters of the outer and inner cylinders are 237 mm and 125 mm, 
respectively, while their heights are 200 mm and 260 mm, respectively. The head of the 
inner cylinder is cone-shaped (with a height of 50 mm and an angle of 38.7°) to facilitate
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the penetration into the concrete. The clearance between the cone and the bottom of the 
reservoir is 5 mm, which is very low. A measuring cell is connected to the inner cylin­
der to measure the corresponding torque. The tribometer is connected to a computer 
through which the testing velocities and other testing parameters can be defined.
The main advantages of the design of the UdS tribometer is that, there is no sealing 
problem (between the stationary bottom plate and the rotating inner cylinder) as in the 
case of the modified BTRheom. Also, in the new design there is only one gap between 
the inner and outer cylinder filled with concrete, consequently no double-sided flow will 
be generated as in the tribometer of Chapdelaine (2007).
The testing procedure in the UdS tribometer is similar to that in the cylindrical 
rheometers. A predefined set of rotational velocities is applied, and the resulting torque 
is measured. The measured data including the imposed velocities (N) and the correspond­
ing torques (T) are registered by the tribometer’s computer for further data analysis. The 
T-N relationship is then established and used to determine different tribological param­
eters that describe the tribological properties of concrete. Further details concerning 
the data treatment and the mathematical derivation of the tribological parameters are 
discussed in sections 6.8.2 and 5.7.
F igure 3.11: Tribometer developed at the Universite de Sherbrooke (2012).
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4.1 Introduction
This chapter is divided into three main parts. The first one provides a brief review on 
some commonly used pumps in the concrete industry. The second part discusses practical 
approaches to assess concrete pumpability and several pumping issues. The third part 
details the factors affecting pumping pressure and the changes in concrete properties 
associated with prolonged pumping.
4.2 C oncrete pum ps
The first concrete pump was developed in the U.S. in 1913 [1]. The pump operated 
on the principle of a piston pushed by a mechanical force that would then advance the 
concrete. After the Second World War, dual piston pumps were introduced to increase 
the pumping speed. Presently, piston pumps dominate the concrete pumping industry 
due to their high capacity [2] and lack of a better alternatives. Figure 4.1 shows an 
example of a dual piston pump working by filling one piston while emptying the other 
one. This is accomplished via a valve shifting its opening toward the feeder and shutting 
it toward the pipe. Piston pumps can be typically mounted on a truck or on a trailer to 
facilitate transportation. Truck-piston pumps are more often used for intensive pumping 
projects, while trailer-mounted pumps are used more for shotcrete works or where access 
is difficult.
F igure 4.1: Mechanism o f a hydraulic pum p with two pistons [3].
When using piston pumps, the pressure within the concrete shifts with the frequency 
of the pump strokes. As depicted in Figure 4.2, the maximum concrete pressure can 
become quite high. On the other hand, the minimum pressure, coinciding with the 
closing of the valve can create the effect of a pressure wave that for certain types of 
concrete results in a considerable negative value (Figure 4.2).
The screw- (or worm-) pump is another type of widely used concrete pump. Its 
working principle is moving the concrete forward by means of a steel screw inside a 
rubber stator, with conveying chambers between the steel and the rubber. As sketched in 
Figure 4.3, the screw at the bottom of the feeder moves the concrete toward the entrance 
of the stator, and the concrete consequently flows into the pump through the suction effect
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Figure 4.2: Changes in concrete pressure during pumping. The pressure niters 
according to the frequency of the pump; a negative pressure can he observed at the 
turn off o f the piston. 1 bar — 100 kPa.
created by the forward movement, of the conveying chambers. The inconvenience of this 
design is tha t the hydrostatic pressure created by the self-weight of the pumped concrete 
still in the pipes applies a cumulative negative pressure on the feeder and conveying 
chambers. This pressure limits, unfortunately, the capacity of screw pumps to certain 
heights [2], Instead, due to their light weight and easy manipulation, screw pumps 
specialize in smaller short-distance pumping jobs.
VIE* A
Figure 4.3: Schematic representation of a screw pump [4].
4.3 Pum pability guidlines
Several pumping companies and research institutes provide practical guidelines for pump­
ing concrete based on simple test methods and held experience. Most of these test meth­
ods, if not all, are established for CVC. For example, the slump test (ASTM C143 /  
C143M - 12) has been considered the simplest experiment to describe concrete pumpa­
bility [5, G]; one early recommendation was that slump < 50 mm gives unpumpable 
concrete, a slump range of 50-100 mm can ensure pumpable concrete, whereas a slump 
> 100 mm can lead to unpredictable pumpability response [5]. Another empirical cor­
relation presented in Figure 4.4 was developed as a guide to relate the pressure loss per









tuyau 100 mm. 
tuyau 125 mm.
Figure 4.4: Effect of slump on pressure loss per meter (dp/dx) us a function of How 
rate for different pipe diameter (tuyau). Adapted from [7],
unit length (dp/dx) to the discharge rate for concrete of different slump values and pipe 
sizes [7]. The results indicated in Figure 4.4 show tha t for a given discharge rate and 
pipe size, pressure loss decreases with increasing the slump of the concrete. For a given 
slump and discharge rate, pressure loss increases with decreasing the pipe (tuyau) size, 
as presented in Figure 4.4.
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Figure 4.5: Nomograph to calculate the pumping pressure at different discharge 
rates based on slump, pipe length, and pipe diameter (8].




Figure 4.6: Diagram to determine pumping pressure for a given pump capacity, pipe 
length, and concrete slump, ACI Committee 304.2R-96 (from Morgen Manufacturing 
Co., Yankton, SD).
calculate; the required pumping pressure is illustrated by Figure 4.5. A more detailed 
working graph developed by ACI Committee 304.2R-96 (Figure 4.C) calculates the re­
quired pumping pressure based on the slump of concrete, the geometrical configuration 
of the circuit including elbows, reducers, and pipe diameter, etc. If applied to SCC, the 
recommendations offered by ACI 304 can underestimate pressure loss in the case of SCC 
due to its high slump flow, as indicated in Figure 4.6. Furthermore, practice has shown 
th a t the flow pattern  of SCC in pipes is dictated by its viscosity [6], which has not (vet) 
bet'ii included in the ACI recommendations.
Reflecting on the above discussed approaches, it is apparent tha t the research efforts 
and field experience on the subject of pumping concrete have established a variety of 
m ethods to assess pumpability. Despite the wide spread use of these approaches, they 
remain inadequate when applied to HWC or SCC. The main argument is that the flow 
patterns of SCC and CVC show different dependencies on viscosity and yield stress, which 
is translated into different flow behaviors in pumping pipes. Viscosity is a key param ­
eter affecting the flow of SCC in pipes, while yield stress becomes the most influential 
param eter in the case of CVC. Most, if not all, of the available pumping guidelines and 
recommendations were developed for CVC. These recommendations, if applied to SCC, 
will not account for the rheological and tribological properties governing SCC's flow be­
havior, which may result in unrealistic prescriptions. A more comprehensive study linking 
pumping pressure to the fundamental rheological and tribological properties of SCC is 
warranted.
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4.4 Today’s pumping challenges
A new concrete; pumping world record was attained during the construction of the Burj 
Khalifa in 2008. Highly flowable concrete was delivered to a height of G il in with a 
pump output of 30 m !/h . Despite this significant milestone, many challenges are still 
associated with pumping operations on job sites today. The majority of these challenges 
can be related to three main causes: deficient mix design, problematic pipeline setup, 
and operator error [7]. Other challenges not falling in these categories can be attributed 
to the delay in concrete placing (due to traffic or job site mismanagement) causing the 
concrete to lose workability. Because this work concerns engineering and not job site 
management, only the challenges facing the mix design will be addressed in the following 
sections.
4.4.1 B lockage
Blockage refers to a delay or stop in the flow due to a formation of a plug, hindering the 
cont inued movement of concrete (see Figure 4.7). Blockages, usually accompanied with 
elevated pumping pressure, can occur at any phase of the pumping operation. However, 
blockages th a t occur during pumping are rare and are mainly due to errors in pipe 
configuration or concrete composition [6].
Pumping , ;>
pressure







F igure 4.7: Mechanism of concrete plug formation in a pumping pipe [9].
Blockage at start-up  is much more common during pumping operations. The mechanism 
of this type of blockage is explained by the accumulation of aggregate. During start-up, 
each pump stroke causes the aggregate to move forward in the grout under inertia effect, 
blockage occurs once the coarse aggregate accumulated in front of the grout reaches 
a critical concentration. A major cause of the start-up blockage can be related to a 
significant increase in the rate of pumping since it directly increases the risk of segregation. 
It is, therefore, recommended to start with low pumping rates during the priming phase 
to reduce the risk of start-up blockage [10].
Similar to start-up  blockage in name but very different in behavior, the restart 
blockage is due to abnormally high friction along the pipe wall. When the flow is stopped, 
the aggregate settles in the pipes and comes into contact with the pipe wall. Consequently, 
the lubrication layer will be damaged and the flow behavior will be altered to friction 
[10].
The last type of blockage occurs during the cleaning process. W hen cleaning the 
circuit, a separation plug in the form of sponge ball is inserted into the pipe, behind
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which water is pumped. If the plug is not watertight, water can pass through it and 
wash out the front concrete, resulting in the accumulation of aggregates, which can 
consequently clog the pipe. Cleaning can also be done with compressed air, thus rarely 
resulting in blockage; however, this can cause safety problems [10].
Deficiency in the granular system is considered a principal cause of blockage. There­
fore, concrete m ixtures that an; prone to segregate can more than likely cause blocking 
problems. To avoid this, sand and aggregate should be carefully selected to guaran­
tee their proper suspension in the cement paste and prevent any separation under high 
pumping pressure. Further details concerning the effect of aggregate on the pumpability 
and stability of concrete under pressure are discussed in section 4.5.1.
4.4 .2  Phase-separation
Om; of t he most common mix design problems is the poor ability of the concrete to retain 
its mixing water. Concrete can then bleed under pressure through the small channels 
formed in the poorly graded sand resulting in phase-separation and blockage. Phase- 
separation can also occur when the coarse aggregate particles start to interlock because 
of either insufficient or excessive cement paste. This phenomenon occurs when the pum p 
pressure forces the lubricating m ortar to separate from the mixture, usually a t a bend or 
other slight obstruction, leaving a plug of coarse aggregate which eventually blocks the 
stream . Besides the problems it causes during pumping, concrete phase-separation can 
seriously impair its workability and in certain cases increase and localize its air content 
resulting in low mechanical properties.
There exist different strategies to promote concrete resistance to phase-separation 
under pressure. Well-graded aggregate should be used. Adequate paste content is also 
needed to lubricate the aggregate being pumped [11]. The use of rounded aggregate can 
also imj)rove concrete stability under pressure. Certain types of cementitious materials 
are proven to enhance the resistance to bleeding and phase-separation. For example, 
bleeding resistance noticeably augments with increasing fly ash content [12]. For concrete 
mixtures with a slump range of 45-55 mm, and w/cm, fly ash replacement levels of 30% 
to 40% gave the most stable concrete mixtures [12].
In conclusion, blockage and phase-separation present very im portant challenges to 
pumping concrete operation. These problems are primarily caused by mix design param ­
eters among which the aggregate and paste volumes are of prime importance. Since both 
param eters an; interrelated, a balance between them must exist to improve flowability 
while maintaining proper stability. Several practical measures for selecting aggregate and 
paste volume to enhance pumpability and avoid blockage are presented in the following 
section.
4.5 Avoiding pumping problems
4.5.1 R ecom m endations for aggregate selection
Aggregates have a profound influence on the flow behavior of concrete because they 
inadvertently determine the paste volume needed to fill the voids created in the granular
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skeleton [13]. The effect of aggregate is defined by its shape, texture, mineral composition, 
and size distribution. Based on the size distribution, the aggregate can be divided into 
three main categories [14]:
• Coarse aggregate: material retained by sieve No. 4 (4.76 mm).
• Fine aggregate (sand): material passing sieve No. 4 and retained on sieve No. 200 
(0.074 mm).
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Figure 4.8: Recommended grnin-size distributions for pumpnble concrete [8, 15,
16}.
For the coarse aggregate, the effect of the size distribution is more prevalent than 
the shape and surface texture [17]. In general, the greater the maximum aggregate size, 
the less paste volume is needl'd in the mixture. It also follows that, the more the fine 
particles in the mixture, the more paste is needed [14].
A part from aggregate proportioning, it is recommended to limit the maximum ag­
gregate size of crushed aggregate to [Dinpc/ 4) to  reduce the inertia effect of the aggregate, 
and avoid segregation problems during steady state  pumping [18]. W hen rounded ag­
gregate is used, this limit can be considered 40% of the smallest inner diameter of the 
pipe [19]. Experience shows th a t when using rounded aggregate as opposed to crushed 
aggregate, lower m ortar content, is necessary to  effect ively pump concrete, as rounded ag­
gregate can facilitate the movement, of concrete in pipes. Furthermore, the use of rounded 
aggregate can significantly reduce water dem and, and reduces the risk of bleeding and 
separation, thus improving the stability of the mixture under pressure.
W hen designing pumpable concrete mixtures, the properties of the fine aggregate 
(a.k.a sand) are more critical than those of coarse aggregate [19]. A sand tha t is too 
coarse will lead to harshness, bleeding, and segregation, whereas a sand tha t is too fine
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will result in high water demand and higher viscosity [20]. Practice has it tha t sand 
graded to ASTM C 33 requirements (CRD-C 133) can lead to problem-free pumping 
operations. It is also recommended, when pumping concrete in (i-in. (152 mm) pipes 
or smaller, 15% to 30% of the sand should pass the 300-pm  (No. 50) sieve and 5% to  
10% should pass the 150-//m (No. 100) sieve. Sands that are deficient in either of these 
two sizes should be blended with finer sand selected to produce the required grading [19]. 
Previous studios have found th a t correcting the sand to grading spans comprised between 
0.1 mm and 0.7 mm improves the stability of the mixture and its resistance to bleeding 
[10],
Another strategy embraces decreasing the fineness modulus of sand to improve 
pumpability [19]. Sands with fineness moduli between 2.4 and 3.0 are generally satisfac­
tory but, fineness moduli alone without specific grading stipulations may not produce 
satisfactory results [19]. However, it is always possible to combine aggregate (or sand) of 
different, sizes to reduce the void ratio created by the voids between the larger aggregate 
and increase the packing density [17, 20]. Additional recommendations and limitations 
of various grain-size distributions to design pmnpable concrete mixtures are presented in 
Figure 4.8 [2, 15].
4.5.2 O ptim um  paste volum e
For any given granular system, there exists an optimal range of paste volumes tha t can 
simultaneously properly lubricate the coarse aggregate and provide sufficient suspension 
to prevent segregation. Paste volumes below the optimal range can increase the inter­
particle friction between the aggregate that can lead to higher viscosity and blockage 
problems. Low paste volumes can also prevent the lubrication layer from forming, and 
make pumping difficult or even impossible as a result of the abnormally excessive friction. 
Contrarily, using high paste volume can reduce the stability of the mixture, and increase 
the risk of segregation and blockage. The optimal paste volume for pumpable concrete 
is therefore a delicate compromise between the flowabilitv and stability of the mixture. 
One of the main objectives of this research is to investigate the effect, of paste volume 
on the concrete pipe flow to find optimal ranges of paste volume that can ensure proper 
balance between flowability and stability.
4.6 Factors affecting pumping pressure
4.6.1 The lubrication layer
When concrete is pumped, fine materials and water droplets migrate under the shear 
effect, to the high shear zone near the pipe wall, forming the lubrication layer. This 
layer is a central param eter for successful pumping as it is believed to impede the coarse 
aggregate to enter in solid-solid contact with the pipe wall. Failure to build a proper 
lubrication layer will eliminate the lubrication effect a t the pipe wall and drastically 
increase friction and pumping pressure. Because of its particular materials composition, 
the lubrication layer exhibits different rheological properties than those found in the 
pumped concrete.
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The properties of the lubrication layer are difficult to  measure physically and the 
real param eters affecting these properties are not yet well known. It is believed th a t 
rheological properties of the lubrication layer are related to those of concrete, therefore, 
it follows that all properties affecting the t heology of tint concrete are prone to influence 
the lubrication layer properties. A recent study concluded that the thickness of the 
lubrication layer increases with the volume of the cement paste, w/c\ and the HRWRA 
content, and decreases with the increase of the fine sand content [2 1 ],
Although different attem pts have been made to conclusively establish the im portance 
of the lubrication layer, its real contribution to the total How rate in pumping pipes is not 
yet, well established. Kaplan (2000) [7] evaluated the influence of the lubrication layer on 
concrete flow in pipes. This influence was expressed by the viscous constant (in Pa s/m ) 
of the lubrication layer, as indicated in equation 4.1.
r> =  r0,; +  i}iV (4.1)
when*
77: shear stress in the lubrication layer (Pa)
To g yield stress of the lubrication layer (Pa) 
r/p viscous constant (Pa s/m )
V: linear velocity (in/s), determined from the rotational velocity of the tribom eter 
cylinder
The viscous constant of the lubrication layer calculated from the diseharge-pressure re­
lationship and the tribom eter were well correlated, as can be seen in Figure 4.9 [7]. In 
spite of this cogent correlation, the exact im portance of the lubrication layer on pumping 
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Figure 4.9: Relationship between the viscous constant (expressed in Pa s/m ) of 
the lubrication layer measured by the tribometer (horizontal axis) and the viscosity 
obtained from the diseharge-pressure relationship (vertical axis) [7],
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In the investigation undertaken in this thesis, using rheological and tribological mea­
surements, the effect of thickness and viscosity of the lubrication layer on pumping pres­
sure will be determined. Their correlations with rheological properties of concrete in 
relation to the pumping pressure loss will also be investigated.
4.6.2 V iscosity and yield stress
The quantity and depth of information concerning the effect of the rheological properties 
of concrete on pumping pressure is limited. Most of the available literature on pumping 
neglects rheological properties of concrete when determining the required pumping pres­
sure. Research efforts directed toward CVC have firmly established that yield stress to 
be crucial parameter determining CVC pressure loss, and viscosity to be insignificant [7]. 
The strong rheological dependency of CVC on yield stress is a well established fact and 
widely used to predict pressure loss for most pumping operations [5, 7].
Recent studies conducted by Feys (2007) [6] showed that viscosity and not the yield 
stress (as it is the case for CVC) is the key parameter affecting the pumping pressure of 
SCC (see Figure 4.10). The pressure loss is also, to a certain extent, correlated with the 
yield stress, indicating that yield stress and viscosity are not independent of each other 
[6] (see Figure 4.11). Nevertheless, pressure loss is still shown to be much more sensitive 
to variations in viscosity than to an equivalent variations in yield stress [6].
As a result, SCC and CVC show different dependencies on viscosity and yield stress, 
which is translated into different flow behaviors in pumping pipes. Investigating their 
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F igure 4.10: Pressure loss per unit length in 4-in. (102 mm) pipes correlated with 
the tangential viscosity at a shear rate o f 10 1 /s  [6]. Discharge rates 1-5 =  5-20 L/s.
4 .6  Fa c t o r s  a f f e c t in g  p u m p in g  p r e s s u r e 61
y = O.I502x + 35.926 
R2 = 0.6235
y = 0 I229x + 26 114 
R2 = 0.6659
y = 0.0973x + 17 293 
R2 = 0.7309
y = 0.0628x + 11 266 
R2 = 0.6466
y = 0.038x + 6 .4671 
R 2 = 0 7342
500
F igure 4.11: Pressure loss per unit length in 4-in pipes related to yield  stress of 
SCC [6],
4.6.3 Energy conservation principle
For pumping to be successful, the power of the pump must overcome the various forms 
of pressure losses along the streamline and the self-weight of the concrete in the pipes. 
The required pumping energy is described by the principle of energy conservation using 
Bernoulli’s equation. The following equation is a common form of Bernoulli’s equation 
valid at any arbitrary point along a streamline:
2
h +  - — h — =  C o n sta n t (4.2)
2 9 P9
where
h : elevation above reference height (m) 
v: fluid flow velocity (m/s) 
g: gravitational constant (m /s2) 
p: absolute pressure (Pa) 
p: fluid density (kg/m3)
Multiplying both sides of equation 4.2 by pg yields:
2
V  p
hpg +  +  p  =  C o n s ta n t  x pg (4.3)
The first term (hpg)  in equation 4.3 refers to the hydrostatic energy, the second term 
( v2p / 2) is the kinetic energy, which is considered constant if there is no change in the pipe 
diameter. Applying equation 4.2 to two points along a streamline delivers equation 4.4 
that can be used to calculate the pressure between two points from the energies available 
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= C onstant (4.4)
where
hi 2'- elevation above reference level (m)
fluid flow velocity on the streamline (m /s) 
g: gravitational constant, (m /s2)
]>it2 - absolute pressure (Pa)
(>iX- fluid density (kg/m '5)
In pipe How, different types of pressure loss and energy exchange are involved along 
the stream. The Bernoulli derivation does not account for possible energy exchange due 
to shaft work or heat exchange in pipe flow [22], Bernoulli’s equation (4.4) then may be 
extended by such an energy exchange, giving the steady flow energy equation:
A F: pressure loss along a pipeline (m) 
hpump' head of the pump (in)
Equation 4.5 is a common form of the energy equation, in which every term  is a length 
(or head). The term s in parentheses are the upstream (1) and downstream (2) values of 
the available (or total) head. The term p \/p \g  is called pressure head and term  v \j2 g  is 
denoted as velocity head, while hpump is the pum p head input, and A F  the friction head 
losses. Additional terms can be involved in the energy equation when several pumps or 
turbines are included in the pipe system. From equation 4.5, it can be deduced th a t 
the applied {jumping pressure must balance for different effects: the pressure change, 
the elevation, the kinetic energy, and the friction and minor losses (A F). Therefore, 
decreasing the friction loss or the hydrostatic pressure results in a decrease in the neces­
sary {lumping pressure. The self weight of the concrete in the pipes can be considerably 
reduced by employing light-weight aggregate concrete (LWA). However, problems may 
arise because of LWA’s relative high compressibility. This small particularity can affect 
the air content, and the concrete’s ability to retain water, leading to phase-separation 
and blockage problems. Moreover, the ability of LWA to absorb large quantity of the 
mixing water can lead to sharp and undue increases in viscosity and pressure loss.
The {jumping pressure (in equation 4.5) can also be effectively decreased by reducing 
the pressure loss. This can be achieved by reducing the viscosity of the concrete or 
adjusting the properties of the lubrication layer. Finding new approaches to reduce 
the {jumping pressure loss on the basis of the rheological and tribological properties of 
concrete and lubrication layer is one of the prim ary objectives of this investigation.
+  A F  -  Lpump (4.5)
where
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4.6.4 Minor losses: effect o f elbows
An elbow is a fitting used for changing the direction of the stream. There are many 
types of elbows available on the market with bending angles varying from 45° to 180°. 
Characterizing the concrete flow in elbows is complicated, and determining the pressure 
loss in elbows is even more complicated. For the sake of simplicity, most common practice 
for pipe flow suggests theoretically replacing the elbow effect by a certain corresponding 
length of the straight section to calculate an equivalent pressure loss.
Kaplan (2000) concluded from his pumping tests that the pressure drop in a 90°- 
elbow having a radius of 0.28 m is equal to the pressure drop in a straight pipe section 
with the same length of the elbow [7]. The Schwing guide indicates that the pressure drop 
in a 90°-elbow with a radius of 0.25 m is equivalent to the pressure drop in a 1-m straight 
pipe section, while the pressure is equivalent to the pressure drop in a 3-m straight pipe 
section if the pipe curving radius is 1 m [8]. A more recent study on SCC concluded 
that by means of an amplification factor, indicating how many meters of straight pipes 
correspond with one meter of the elbow, the total pressure loss over a certain elbow 
could be calculated at a given discharge [6]. This can be performed by multiplying the 
amplification factor with the pressure loss per unit of length in a straight pipe and the 
distance along the center line of the elbow [6]. Figure 4.12 presents an example of the 
amplification factor for a 90°-elbow.
It should be noted th a t the applicability of the  above discussed results to  different 
circuits is limited due to the complexity of the flow in these parts of the circuit. Depending 
on the type of concrete and bend, the influence of an elbow can vary from minimal to 
extreme. Many models have attempted to diagnose the pressure loss in elbows, but 







F igure 4.12: Example o f the amplification factor for one SCC (LM-17) m ixture in 
a 90°-bend [6].
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4.7 Effect of pumping on concrete properties
4.7.1 Rheological properties
The high shear effect, (shear rates on the order of 20-40 1/s) tha t is produced in pumping 
pipes can cause significant changes in the concrete properties with time. In practice, 
pumping process acts as a kind of remixing tha t keeps the material workable up to 
approximately 45 minutes of age [2, 7, 23]. This enhanced workability was measured 
with improved slump, T-50 flow, yield stress, and viscosity after pumping [2]. Fevs (2009) 
concluded tha t continuous pumping increases the yield stress and decreases viscosity due 
to the effects of structural breakdown and increases in air content. The increase in air 
content due to pumping results in an increase in yield stress and a decrease in viscosity, 
while structural breakdown causes the yield stress and viscosity to both decrease [6]. 
Since the two phenomena can occur simultaneously, the final change in concrete will 
depend on the dominating effect.
The changes in rheological properties due to pumping increase in im portance with 
pumping velocity. Therefore, high-speed pumping should be avoided, especially in the 
case of long-distance pumping. As a negative consequence of these changes is segregation 
tha t can appear when viscosity decreases and yield stress does not significantly increase 
[6],
In addition to the  phenomena explained above, it is believed tha t pumping duration is 
an im portant factor in determining the variation of concrete properties. A more inclusive 
study is needed to reveal the influence of pumping on concrete properties wuth time.
4.7.2 Tem perature
A part of the mechanical energy applied to maintain the flow in pipes is consumed by 
friction and converted into heat, resulting in tem perature increases during pumping. One 
source of friction can be attributed to the interactions between the solid particles within 
the concrete matrix. In this respect, the constituent materials, particularly sand and 
aggregate, play a key role in the therm al changes occurring during pumping. Previous 
research findings dem onstrate th a t aggregate rich mixtures produce larger tem perature 
increase, for a certain pressure loss [6]. It is also common in pumping applications tha t 
segregated mixtures show larger increase in tem perature compared to stable ones.
As indicated in Figure 4.13, the tem perature is shown to increase as a function of 
the pumping time. The rate of tem perature increase is linearly related to the pressure 
loss per unit length for each concrete at different discharge rates, as dem onstrated in 
Figure 4.14. A faster increase in tem perature is the result of higher pressure loss [6]. 
At low pressure losses (or discharge rate), the tem perature flux can be equal to zero or 
even be negative; however, this is probably due to the lower ambient tem perature of the 
testing environment [6].
The relationship between the tem perature increase per unit of time and pressure loss 
per unit length seems to be a constant material property [6]. Up until this point, no clear 
relationship has been found between the tem perature increase and any other pumping 
param eter [6]. It should be noted here tha t the tem perature increase due to  pumping 
can significantly affect the yield stress and viscosity of concrete. This relationship is a
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F igure 4.13: Temperature evolution with tim e and pressure loss for a SCC mixture 
pum ped at 12 L /s  for 15 minutes [6],
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Figure 4.14: Relationship between pressure loss and rate o f temperature increase 
due to pumping for a SCC mixture measured throughout 4 different testing cycles 
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function  of the magnitude of the applied pressure and the mixture composition. Finding 
the governing correlations between these parameters can further the understanding of 
the underlying causes of rheological changes during pumping.
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4.7.3 Air content and distribution
Concrete undergoes a pressurized flow during pumping that can cause 1% to 3% change 
in tin; air content [24]. At present, no theory exists that can conclusively explain this 
phenomenon. Instead, there are several causal hypotheses tha t use suction, dissolving 
and pressure to explain the change in the air content . One theory attributes the change to 
negative pressure (suction) causing expulsion or swelling of the air bubbles in the concrete
[25]. This suction mechanism may occur at two locations in the pumping circuit: in the 
pump when the piston draws the concrete from the reservoir, and when concrete falls 
into the pipe at a vertical section of the pumping circuit [25].
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F igure 4.15: Hypothesis explains the air loss in concrete due to pumping [26],
According to Dyer (1991) the dissolution process of air bubbles is a result of the high 
pressure environment created in the pipes during pumping. W hen concrete is pumped 
and pressure is applied, the small bubbles are dissolved in the mixing water droplets, as 
dem onstrated in Figure 4.15 [26]. Later on, close to  the exit of the pipe when the pressure 
becomes lower, the pressurized small air bubbles th a t have not been fully dissolved reap­
pear, bu t mainly in larger bubbles (Figure 4.15). Charles et al. [27] further expanded 
on Dyer’s model. Their research attributed changes in air content to the dissolution 
of air voids by high pressure, the bursting of air bubbles by vacuum pressure, and the 
mechanical rupture of bubbles by impact forces. Strategies to control these detrimental 
actions include limiting the pumping pressure, and slowing the rate of flow through the 
use of reducers and elbows, and avoiding steep downward slopes along the pipeline [27].
More recent empirical studies have reported different changes in air content due 
to pumping based on the type of concrete. One study noted tha t traditional concrete 
displays an increase in air content due to pumping [28], whereas superplastieized high 
performance concrete displays a reduction [29]. The same study also dem onstrated tha t 
the air void structure may not necessarily be destroyed by pumping [29], rather a large 
part of the lost in the air content consists of dissolved and/or gashed large bubbles.
Presented above is the sta te  of the current understanding of pumping induced air 
content variation. At this point, researchers are able to identify several mechanisms 
through which this phenomenon can possibly act, but unifying through empirical in­
vestigations has proved difficult. This leaves open avenues for further research into the 
subject, while in the framework of this study other subjects are prioritized.
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Chapter 5
Concrete Flow in Pipes

5 .1  I n t r o d u c t i o n 71
5.1 Introduction
When concrete is pumped, shear effect takes place within the concrete resulting in dif­
ferent, How zones across the pipe section. The shear effect, causes some fine particles and 
water droplets to m igrate from the concrete m atrix toward the high shear zone near the 
pipe wall, where they accumulate and form the lubrication layer. This layer possesses 
different rheological properties than concrete, and thus it Hows differently.
The boundaries of the flow zones and their contribution to tla 1 total flow rate in 
relation to the concrete and lubrication layer properties an ' now concepts in concrete 
science and technology.
This chapter presents an analytical model that can be employed to determine the 
properties of the lubrication layer by means of rheological and tribological measurements. 
It also discusses the different flow zones across the pipe section and their velocity profiles 
and flow rates. Various parameters influencing pressure loss, including the properties 
of the lubrication layer and those of concrete, and the pipe diam eter are highlighted in 
this chapter. In addition, a critical analysis is undertaken to disclose the interactions 
between properties of the lubrication layer and concrete, in relation to pressure loss. The 
resulting relationships between the affecting param eters are used in a pressure prediction 
model th a t can be employed to estim ate the required pumping pressure for a wide range 
of concrete and lubrication layer properties.
Consider a uniform flow in a pipe section of radius R  and length L, as shown in Figure 5.1. 
Assuming a constant density and the pressures on the left and right sides are p x and p2, 
respectively, the pressure difference between p\ and p2 is balanced bv the shear stress 
acting a t the pipe wall, hence
5.2 Conservation of m om entum
Pin R 2 — p2 n R 2 — 2n R. t w L — 0 (5.1)
By rearranging equation 5.1, the shear stress at the pipe wall is obtained:
U L J
Figure 5.1: Force analysis in pipe How.
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V \ ~ l h R  A p to tR  . R  / r o v
( 5 '2)
when;
t w : shear stress at the wall (Pa)
A ]>iot: total pressure loss over the length L of the pipe (Pa)
R: radius of the pipe (in)
L: length of the pipe section (m) (over which the total pressure loss is measured) 
A;;: pressure loss per unit length of the pipe (Pa/m )
As can he inferred from equation 5.2, the pressure loss is a function of the shear stress 
at the pipe wall and pipe radius regardless of the properties of the pumped concrete.
5.3 Flow regimes
In the design or operation of any flow system it is indispensable to determine the flow 
regime which will influence the am ount of energy required to maintain a desired flow. 
All fluid flows can be classified under three regimes: laminar, turbulent, and transitional 
flow. In laminar flow, layers of a substance flow over one another at different velocities in 
definite paths or streamlines with no mixing between layers. Turbulent flow is described 
by the irregular movement of (imaginary) fluid particles with no fixed pattern. In this 
case, the particles travel in irregular paths and exhibit additional transverse motion 
leading to higher pressure loss and heat transfer. Transitional flow is considered an 
interm ediate phase between laminar and turbulence. Characterization of the flow pattern 
is more specifically determined by the Reynolds number (Re) given bv equation 5.3.
(5.3)
where
(r. fluid density (kg/m 3 )
V: mean fluid velocity (m /s)
L: characteristic linear dimension, (traveled length of fluid, or hydraulic diameter 
when dealing with pipe systems) (m) 
viscosity of the fluid (Pa s)
If Re is less than approximately 2000 for a fluid in a pipe, the flow can be consid­
ered laminar. If Re is greater than 4000, turbulence occurs, and in between these values, 
the flow is in the transition zone.
Assuming the concrete a homogenous m aterial, concrete How in pumping pipes is 
considered to be laminar, as it yields far lower Reynold numbers than those for conven­
tional flow, as dem onstrated in the following example.
Consider concrete with a density of 2400 k g /m 3 and viscosity of 30 Pa s, flowing 
through 15-cm pipe a t a velocity of 1.5 m /s. The actual value of the Reynolds number 
becomes:
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« -  =  S  = 1» ( 5 T
From this example, it is evident tha t the Reynolds number in pumping conerete is con­
siderably lower than the conventional limits for laminar flow, and even in extrem e appli­
cations Re will rarely exceed 100. It may therefore be safely assumed that the concrete 
flow in pumping pipes is always laminar.
5.4 Concrete pipe flow
The How of concrete in pipes is dictated by the shear stress, which varies linearly with 
the distance from the pipe center, resulting in different flow zones across the pipe section. 
As shown in Figure 5.2, three different flow zones can be distinguished across the pipe 
section. Near the pipe center, the shear stress applied on the concrete is insufficient to 
overcome its intrinsic yield stress, and as a result, the concrete remains unsheared in this 
zone (referred to as the plug)- As the shear stress increases with distance from the pipe 
center, a t a certain distance (rp) it becomes high enough to overcome the yield stress, 
and consequently, the concrete is sheared beyond this point. The shear effect extends to 
the lubrication layer, formed by fine particles and water droplets. Because the lubrication 
layer exhibits different rheological properties than the sheared concrete, the flow behavior 
within the lubrication layer is also different.
To summarize, in concrete pipe flow, three zones with distinctive flow characteristics 
can be defined across the pipe section. In the first zone, the plug, the concrete moves 
along the pipe without being sheared. In the second zone, concrete is sheared as it moves. 
The third zone, the lubrication layer, displays unique flow characteristics compared to the 
other two zones. A schematic representation of the different flow zones formed across the 
pipe section are pictured in Figure 5.2. It is im portant to note th a t the case of the three 
flow zones is the general one, and it applies to concrete with relatively low yield stress. 
In special cases of concrete with relatively high yield stress (like CVC), the pumping 
pressure is insufficient to overcome its yield stress, and consequently, the concrete section
r  r r
A A  A
t —
Figure 5.2: The fiow zones and their velocity profiles formed across the pipe section 
in concrete pipe How.
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is not. entirely sheared. In this case of plug flow, the sheared concrete zone disappears and 
only two zones: the lubrication layer and the unsheared concrete can be distinguished 
across the pipe section.
5.5 Boundary conditions
Different, pipe flow behaviors can be highlighted depending on the steel pipe-concrete 
interface boundary conditions. The assumption of the no-slip condition is very common 
in fluid mechanics and can be used to describe concrete' flow in pipes, especially in the case 
of highly-ffowable concrete. This theory has been approved on a smaller scale of particles 
lying in the range of 10 nm  to 1 pm [1], In the no-slip condition, the wall friction is 
considered constant and independent of the applied pressure, and the flow velocity and 
pressure loss are determined by only the geometry of pipe line, the rheological properties 
of the concrete [2, 3] and those of the lubrication layer. As a result, the extended version 
of the Poiseuille formula (Buckingham-Reiner) for laminar flow in circular pipes inav be 
used to  describe the velocity profile within both the lubrication layer and the concrete 
section [4].
When the interaction between the concrete and the pipe wall is of a solid-solid type 
of behavior, the pipe friction becomes dependent on the local pressure. Hence, the no­
slip condition is invalid and the Coulombs friction law governs. It follows tha t the local 
pressure no longer evolves linearly with the pipe length; rather a decreasing exponential 
curve is obtained th a t can be very disadvantageous in the case of long-distance pumping 
[5, 6 ]. This type of behavior is more likely to happen when the magnitude of the stress 
transfer in the liquid is minor (for example in aggregate-rich concrete), and where solid 
friction prevails [5, 6 ].
In this research, the no-slip condition is assumed to be met, and thus the concrete 
flow behavior is only a function of the pipe radius and the properties of both concrete 
and the lubrication layer.
5.6 Determ ination of the lubrication layer 
properties
The lubrication layer is a product of the uneven shear effect exerted on the concrete by 
the pumping pressure. It follows th a t the concrete properties and the shear magnitude 
are key factors in determining the properties of the lubrication layer.
The properties of the lubrication layer are difficult to measure physically, particularly 
in complex flow conditions like pipe flow. Fortunately, the lubrication layer can be 
reproduced in the tribom eter where a rotating inner cylinder and a stationary outer 
cylinder generate a relative motion between the concrete-steel interface. As in concrete 
pumping pipes, fine particles and water droplets under the shear effect are drawn toward 
the inner cylinder where they assemble and form the lubrication layer (Figure 5.3). This 
reproduction of the lubrication layer, with the help of the rheological measurements, 
provides a significant opportunity to determine the properties of the lubrication layer.




Figure 5.3: Schematic representation of the sheared concrete zone and the lubrica­
tion layer formed in the tribometer gap. /?., and Ra refer to the radii of the inner and 
outer cylinders, respectively, and th refers to the thickness of the lubrication layer.
From Figure 5.3, assuming the Bingham behavior of concrete, and tha t the concrete 
is entirely sheared in the tribom eter gap (due to its relatively low yield stress), the angular 
velocity within the lubrication layer (w(r)t;) can be calculated from the properties of the 
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4Trr2hpi /q+ — In (r) +  C onstant (5.5)
where
W(r)P angular velocity within the lubrication layer as a function of r (rad /s)
7 : shear rate within the lubrication layer at a distance r  from the center of the inner 
cylinder ( 1 /s)
r: distance from the center of of inner cylinder (m)
T: torque measured in tribom eter (N m)
height of inner cylinder submerged into concrete (m)
Top yield stress of the lubrication layer (Pa), determined from the intercept, of the 
torque-velocity relationship with the torque-axis 
fig plastic viscosity of the lubrication layer (Pa s)
The integration constant is determined by applying the boundary condition. At a distance
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r — Ri (the radius of the inner cylinder), the velocity is equal to the angular velocity of 
the inner cylinder (fij) thus,
rj~<
=  =  A p  2 , +  ~  ln (R >) +  C onstant (5.6)AnR, h/n m
rr>
Constant = 11 , T)-----------— In (/?,■) (5.7)
AnRt hfii fti
where
{2(r=/{,)i: angular velocity within the lubrication layer at a distance r— /?, (rad/s) 
angular velocity of the inner cylinder (rad/s)
Substituting the integration constant from equation 5.7 into equation 5.5 delivers the 
velocity within the lubrication layer as a function of r:
+  j , ln ( r ) + -  f , <*>
-  (5.8)
Anr2Ri hfii tli
The velocity a t any point A located at the outer boundary of the lubrication layer 
(where r =  Ri +  th ) can be calculated by substituting r by R4 +  th  in equation 5.8:
T  )(i?.j +  th) -  R t j T()l ^  /  [{
Aix(Ri +  t h f R f h m  ~  Vi n \ W +  thW(r=Hi+th)i — &ai -  ~   ;..,,  ,2 ., 2. " ------- 77” ( ~ETT7u) +
where
1 Qai- angular velocity a t any point A  (located a t the outer boundary 
of the lubrication layer) and calculated using the lubrication layer properties (rad/s) 
th: thickness of the lubrication layer (m)
Similar to the lubrication layer, the angular velocity within the sheared concrete zone 
can be determined from concrete properties by integrating the shear rate with regard to 
— r :
a^(r)r j  i'
- I dr
=  - /
(  T  \
2nr2h
r t l c
V /
 T — 7  -  —  I d r2 n r ifich r //r>
y n  T
+  —  ln (r) +  C onstant (5.10)
47r r 2 /r/ic He
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The integration constant, is determined from the boundary conditions by considering tha t 
the outer cylinder is stationary, and thus the velocity a t a distance r =  R0 is zero.
T  T
Q„ = 0 =  — —7r ------h —  In (R n) + C onstant (5.11)
AnR() h(ic ^
T  T
C onstant = ---------- r.---------- — In (/?„) (5.12)
AnR„ }>h(. n r
where
Q0: angular velocity a t the outer cylinder =  0
7 : shear rate within the concrete a t a distance r from the center of the inner cylinder
(1/s)
R 0: radius of outer cylinder (m)
T()c: yield stress of concrete measured with the rheometer (Pa)
Hr- viscosity of concrete measured with the rheometer (Pa s)
By substituting the integration constant from equation 5.12 into equation 5.10, the ve­
locity within the concrete section as a function of r can be written as:
W(r)c =  -—Try +  —  In (r) -   —  111 (Ro)
A-Kr2hiic He 4txR 0 h[ic He
T ( r 2 - R 02) Tn /  R  \
= ------ V   ..../ -  ^  In ( v*) (5.13)
4nr2R0 h^c He V r  /
Using equation 5.13, the velocity at any point A  located a t the outer boundary of
the lubrication layer (where r  =  Ri +  th) can be calculated:
T  \{R, + th j2 -  R 02} T / Ro
i ~ R i  + t h ) c  Q a c  , , 2  , , 2  , h i  ( ) (j.l4 )
4ir(Ri + th) (R„) hfic Hr V R, + th /
where
^(r^iit+thy, Ac: angular velocity at any point A  calculated using the concrete 
properties (rad/s)
As a result, the angular velocity Qai at point A  (located at the outer boundary of the 
lubrication layer) can be calculated by equation 5.9 from the properties of the lubri­
cation layer. Also, a t the same point the angular velocity Qac can be calculated by 
equation 5.14 from the properties of the concrete. Physically, one point can only have 
one velocity, therefore:
12/1/ = 11 Ac  (5.15)
Substituting Qai and Qac from equations 5.9 and 5.14 respectively, into equation 5.15 
and rearranging gives:
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T  {(R, +  th )2 -  R 2} To
47T (/?., + th )2 R 0zhfic He
r [ (R .t + th )2 - R 2] | Tol
"F . >9 „ o . “ F
4tt (Ri +  t,h)2 R ^h p i Hi
(5.16)
As indicated in equation 5.16, the angular velocity at the inner cylinder is expressed 
by the rheological properties of both concrete and the lubrication layer, the measured 
torque, the inner and outer radii of the triboineter, and the thickness of the lubrication 
layer. The rheological properties of concrete can be determined independently using a 
rheometer. Also, the yield stress of the lubrication layer can be determined from the 
intercept, with the torque-axis of the torque-velocity relationship in the triboineter test. 
As a result., the only remaining unknown variables in equation 5.16 are the thickness and 
viscosity of the lubrication layer. Knowing this, performing two tribological experiments 
using different cylinders diameters will yield two equations similar to equation 5.16, thus 
allowing to solve for the thickness and viscosity of the lubrication layer.
It is noteworthy tha t the shear rate  applied within the concrete should be set equal 
in both tribometers. Therefore, the diameters of the inner and outer cylinders of both 
tribom eters should be carefully selected to guarantee identical shear rates.
The How zones formed in the tribom eter gap are similar to those formed across the pipe 
section during pumping. The lubrication layer in the tribometer is formed near the 
high-shear zone at the inner cylinder. The remaining concrete across the tribom eter gap 
can be divided, depending on the yield stress of concrete, into sheared and unsheared 
zones. W ithin the unsheared zone (usually near the outer cylinder), the shear stress 
is insufficient to overcome the yield stress of concrete resulting in a unsheared concrete 
section (or plug flow). As the applied stress increases with decreasing the distance from 
the inner cylinder, it becomes sufficient to overcome the yield stress at a certain distance 
(rp), resulting in a sheared concrete zone beyond this point. The boundaries between 
the sheared and unsheared zones can vary depending on the magnitude of the applied 
stress on the concrete and its yield stress. The three following cases can be encountered 
during tribological measurements (see Figure 5.4):
• The concrete is entirely unsheared (the case of concrete with relatively high yield 
stress such as CVC).
• The concrete is entirely sheared (which is the case of highly-flowable concrete such 
as SCC).
• The concrete is partly sheared (this is the case of concrete with moderate yield 
stress like some types of SCC and HWC).
5.7 Tribological parameters
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The different, cases during tribological measurements can be detected by determining the 
plug radius (rp ) from equation 5.17.
rP — \ 7r~—T (5.17)V 2lTT0ch  K 1
If the plug radius is larger than the outer radius (/?„), then the entire sample is sheared 
and the shear stress ('volution across the tribometer gap is given by equation 5.18.
F ig u r e  5 .4 :  S ch em a tic  re p resen ta tio n  o f  th e  h o w  zo n es fo rm ed  across th e tr ib o m e te r  
g a p  (luring te stin g . F irst zon e  ( w ith  a th ickn ess o f  R; — Rj+th ) is  th e  lu b rica tio n  
layer an d  th e  seco n d  on e ( w ith  a th ickn ess o f  Rj+th -  rp) is  th e  sh eared  con crete . 
T h e th ird  zon e  ( w ith  a th ickn ess o f r p  R„ ) is th e  unslieared concrete.
where
t v : shear stress in the tribom eter gap as a function of the distance from the center 
of the inner cylinder (Pa)
r: distance from the center of the inner cylinder (m)
In the case of an entirely sheared sample and assuming Bingham behavior for concrete, 
t he shear rate; within the sheared concrete zone can be written as:
T
Tqc
1r  =  --------------------  (5 .19)
flpc
By integrating equation 5.19 with regard to the radius r, and applying the boundary
conditions where the velocity at the outer cylinder is zero, the angular velocity within
the sheared concrete is obtained:
U(r)c = — ;\— (4 -  -4) -  )  (5.20)8ir2hp,pc R 20J 2 ^ ^  V r  /
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In case the sample is partly  sheared (/?, < rp < R 0), then Ra should be replaced by rp 
in equation 5.20. When the entire concrete sample is not sheared, which is most likely 
to happen in the case of CVC, the plug radius becomes smaller than the inner radius 
(rp < /?,;) ciiicl consequently ujyy is equal to zero.
From equation 5.20 the velocity at the outer boundary of the lubrication layer can 
be calculated by substituting r by /?.,■ +  th. Assuming tha t the thickness of the lubrication
layer relative to the radius of the inner cylinder is very small, the angular velocity of the
concrete ujro a t the outer boundary of the lubrication layer can be approximated by:
=  S.7-7,,/f„ ( /? !  “  R l)  ~ 2 ^ r ln { i d  (5 '21)
Then, the velocity difference across the lubrication layer (uiu) can be calculated by equa­
tion 5.22.
uu =  tOi„t -  u)ro (5.22)
where
ujii- resulting velocity difference over the lubrication layer (rad /s)
ojtot- to tal angular velocity imposed by the inner cylinder (rad /s)
u)ro\ angular velocity of concrete at the outer boundary of the lubrication layer
(rad /s)
The resulting velocity difference across the lubrication layer (u>u) can be expressed lin­
early:
Vu = RiU>u (5.23)
Similarly, the tangential velocities Vto, and Vro can be obtained:
Ko« =  R-iUt0t (5.24)
Vro RfU-'co (o.25)
As a result, three velocities (Vu, Vco, Vtnt) are obtained to describe the flow resistance 
of the different zones formed across the tribom eter gap: Vco for the concrete zone, Vu for
the lubrication layer, and Vtot for both of them combined. If the concrete is not sheared,
as in the case of CVC, then Vco becomes zero and the tribological measurements will only 
indicate the effect of the lubrication layer.
By plotting the three velocities versus the shear stress measured at the inner cylinder 
of the tribom eter, three different relationships are obtained, as displayed in Figure 5.5. 
The blue line in Figure 5.5 presents the relationship between Vu and T[{l given by equa­
tion 5.2G.
Tm = ro; +  ItribuVu (5.26)
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where
Tfl,: shear stress measured at the inner cylinder (Pa)
t 0 / :  yield stress of the lubrication layer (Pa)
Itriba:  viscous constant (Pa s/m )
Vu: resulting linear velocity difference across the lubrication layer (m /s)
The gradient of this relationship, denoted as Itribu,  was used first by Kaplan [3] as 
a viscous constant to indirectly determine the properties of the lubrication layer. Prom 
its unit (Pa s/m ), the viscous constant can be considered as product of the viscosity-to- 
thickness ratio of the lubrication layer.
The green line in Figure 5.5 presents the relationship between Vco and the shear stress 
(tr/). The slope, denoted as I tr ib co, can be considered a new tribological parameter, 
characterizing the contribution of the sheared concrete zone to the flow resistance. The 
third line (in red) presents the relationship between Vtot and the shear stress. The slope 
of the green line, called the total flow resistance and referred to as I tr ib tot , is a function 
of Itribu  and I tr ib co, since it comprises both effects of the lubrication layer and sheared 
concrete zone.
Itribu  can be considered independent of the test geometry as the shear effect is 
taking place in a narrow gap (across the lubrication layer). On the other hand, I tr ib tot 
and I tr ib co can exhibit some dependency on the test geometry as the shear rate may vary 
across the gab they are measured in. Nevertheless, I tr ib tot and I tr ib co remain significant 
indicators to examine the effects of mix design parameters on the total flow resistance 
across the tribometer gap and pipe section.
By means of the three tribological parameters discussed above, the effects of each the 
lubrication layer and concrete properties on the concrete flow resistance in the tribome­
ter can be evaluated independently. Furthermore, the parameters measured with the 
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F igure 5.5: Illustrative example of the tribological parameters obtained from the 
tribometer test for mixture SCC14 (Table B.15) prepared with w /cm  of 0.29, S/A  
of 0.53, and total binder content of 600 kg /m 3. The tribological parameters are 
represented by the slope of each line.
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tiro similar in both oast's. The tribological parameters also will further the understanding 
of the properties of the lubrication layer and their influence on pressure loss in pipes. 
Complete details concerning this m atter art' discussed in Chapter 7.
5.8 Velocity profiles across the pipe section
When highly-flowable concrete is pumped, three zones with different flow characteristics 
can be observed across the pipe section, as depicted in Figure 5.6. The first zone is the 
plug extending from the pipe center to a certain distance (rp) a t which the applied shear 
stress is equal to the yield stress of the concrete. In this zone the stress is smaller than 
the yield stress, hence the concrete will move ahead in the pipe without being sheared. 
The second zone represents the sheared concrete spanning from the inner boundary of 
the first zone (rp) to the inner boundary of the lubrication layer (R  -  th). The concrete 
in this section is entirely sheared and the shear stress magnitude depends on the applied 
shear effect. The third zone is the lubrication layer located in the vicinity of the pipe wall 
with a thickness believed to lay in the range of 0.5-3.5 mm. The lubrication layer is also 
entirely sheared, but the shear stress generated within the lubrication layer is different 
than tha t in concrete as the lubrication layer has different rheological properties.
The boundaries of the different flow zones vary depending on the rheological prop­
erties of concrete and lubrication layer, the applied shear effect, and the radius of the 
pipe. In the case of highly-flowable concrete (with relatively low yield stress), the un­
sheared concrete zone is very small compared to the sheared one. In the case of CVC 
with relatively high yield stress, the sheared concrete zone disappears since the entire 
concrete section is unsheared resulting in only two flow zones, the unsheared concrete 
and the lubrication layer. The velocity profile of each flow zone in the case of highly- 
flowable concrete is detailed in the following sections, assuming the Bingham behavior of 
concrete.
Figure 5.6: (reprint o f Figure 5.2) Free body dia.gra.in for concrete pipe flow model, 
allowing the three flow zones and their velocity profiles across the pipe section.
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5.8.1 V elocity profile across the lubrication layer
The shear stress at a radius r from the pipe center line is a linear function of the shear 
stress at the wall, independent of the material properties [4, 7]:
r (,') = !j f  (5-27)
where
T(r)-. shear stress at, a distance r from the pipe center lino (Pa) 
r: distance from the pipe (‘enter line (m)
By applying equation 5.27 to the lubrication layer, the shear stress within the lubri­
cation layer can be written:
t  ,r
T (r)l =  =  To; +  ( lpri{r) l  (5.28)
whore
T(r)p shear stress w ithin the lubrication layer as a function of r (Pa)
7 ()■)/: shear rate within the lubrication layer at a distance r from the pipe center line
(1/s)
r0;: yield stress of the lubrication layer (Pa) 
fipi: p la s tic  viscosity o f th e  lu b rica tio n  layer (P a  s)
Rearranging equation 5.28 delivers the shear rate within the lubrication layer as a func­
tion of its properties and the radius r (R  — th < r < ny.
( TwV \
( p~~ T()l)
7(r)/ =  — ---------- (5-29)
/(p/
Using a different approach, the shear rate can also be determined from its 2D general 
equation:
Vv-r 0vv
7*„ -j);i + .)r  (5.30)
where
vx : velocity component parallel to the pipe surface in the direction of the pipe main 
axes
v:/: velocity component normal to the pipe main axes
Assuming the laminar flow condition in equation 5.30, the velocity component in the
direction normal to flow is then nullified and thus the shear rate across the lubrication
layer becomes:
dvx dvr
7M‘ =  J y  = aT  (J -31)
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where
vr: velocity component within the lubrication layer in the direction of the pipe 
main axis
Substituting the shear rate from equation 5.29 into equation 5.31 and integrating with 
regard to —r  gives:
I
Twr




=  — — ----------------- h C onstant (5.32)
t>pi
where
V(r)i: velocity within the lubrication as a function of r  (m/s)
In equation 5.32, the integration constant is calculated from the boundary conditions 
as the velocity a t the wall (where r = R) equals zero:
t w R 2
i w  ~ TolR
v (t = r )i =  0 = ---- — -------------b C onstant (5.33)
hpi
C onstant =  R ( —— (5. 34) 
\  2 fipi J
By substituting the integration constant from equation 5.34 into equation 5.32, the ve­
locity within the lubrication layer becomes:
r  r 21 W'
2 R  ~  T°'r  , d ( Tw 2 ro(\ fr ,)r^
! ’W ‘ ~  ' / V  V )  ( j J j )
Simplifying equation 5.35 gives:
r r>  ^ [ tu,R +  rwr  -  2 R t0i \
"{r>1 = { R ~ r)  [ ----- 2^ 7?------- j (5J(>)
The velocity at the inner boundary of the lubrication layer can be calculated from equa­
tion 5.30 by replacing r  by R  -  th:
th  (  Twt,h\
V(r=R- th)l = ^  \ Tw ~ T°l ~~ ~2R )  (5‘37)
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where
U(r=R-th)i- velocity at the inner boundary of the lubrication layer (r■ = R — th) (m /s) 
th: thickness of the lubrication layer (m)
5.8.2 V elocity profile across the sheared concrete zone
Similar to the lubrication layer, the shear rate across the sheared concrete zone (rp < 






7 (,.)r: shear rate within the sheared concrete zone at a distance r  from the pipe center 
line (1/s)
r0r: yield stress of concrete (Pa) 
p,pc\ plastic viscosity of concrete (Pa s)
By integrating the shear rate in equation 5.38 with regard to —r, the velocity as a 
function of r can be w ritten:
%)<■ = J  7(v)cdr 
=  - /
twt
R T°c H -d r
t  r2I U)/
hpc  
-  T0rr
------------h C onstant (5.39)
ftpc
when'
C(,.),.: velocity within the sheared concrete as a function of r (m /s) 
rp: plug radius (in)
The integration constant can be calculated from the boundary conditions since the ve­
locity at a the inner boundary of the lubrication layer (where r — R  — th) is known from 
equation 5.37. Thus, replacing r by R —th  in equation 5.39 and substituting equation 5.37 
into equation 5.39, the integration constant is obtained:
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r A R - t h ) 1 i n iis 
 —  ri)r{R  -  t h )
I'ir li Ih)r =     +  C o n s t a n t
ft pi­
th  (  Tv. t h \
rw ( R ~ t h ) 2
th  (  Twth \  2 /? TQc{R — th)
C o n s t a n t  = —  t w -  t o; -      (5.41)
ftpi y 2 R  j  fipC
W ith equation 5.41, it is possible to complete equation 5.39 and solve for the velocity 
within the sheared concrete zone at. any distance 7' 6 [77;, /?.]:
V(r)c =  9 1 ( { R  -  th)  { rw R  -  Tv,th -  2 t()CR )  -  r „ , r 2 +  2/7I>rR r 0cr)
-  2 ^  -  2To; (/? -  //#.) +  R ( t w  -  2r0,) j  (5.42)
5.8.3 V elocity profile across the unsheared concrete zone
At a distance rp  from the pipe center line, the shear stress induced by the pumping 
pressure is equal to the yield stress of concrete.
T{)r R  a ,  A->\rp = —...  (5.43)
T?r
W ithin this zone, the shear stress is insufficient to shear the concrete, resulting in a 
constant velocity. The constant velocity can be simply calculated from equation 5.42 by 
substituting r  by rp from equation 5.43, yielding:
1 (  ( R - t h f  Tn R
V(rp)c = ----  Tw  —  T0c(R. -  th )  +
the \  2R ' ' 2TU
t h  (  Twt h \
+ (5-44)
where
T(r;j)r: velocity within the concrete plug (m /s)
5.9 Flow rates across the pipe section
Assuming laminar flow and the no-slip condition, the flow rate across each the lubrication 
layer, the sheared concrete zone, and the unsheared concrete zone can be obtained by 
integrating the velocity profile (of each zone) over its cross-sectional area, as detailed in 
the following sections.
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5.9.1 T he flow rate w ithin th e lubrication layer
Integrating the velocity profile of the lubrication layer from equation 5.36 over its cross- 
sectional area delivers the flow rate of the lubrication laver:
7*277 p R
Q i =  /  V(r ) i rdrd9
d '  -
where
Qi\ flow rate of the lubrication layer (nd /s)
By performing the integral in equation 5.45 and simplifying the answer, the flow rate 
becomes:
/  Tw ( R 4 - ( R - t h )4) To, ( f l :i - ( / ? -  t h ) 3)
1 2n  \  HR/ipi +  3/Xp,
R ( T u, - 2 T 0l) ( R 2 - ( R - t h ) 2) \
+ ------------------- 7 ------------------- )  (546)
5.9.2 T he flow rate w ithin th e sheared concrete zone
Integrating the velocity profile of the sheared concrete zone from equation 5.42 over its 
cross-sectional area gives its flow rate:
'2n f R —t h
V(r )cr d , r d 6<W7Jo Jr
R - t h
_
f p  
c27r pP Z  7T t l  — t f l  1  /
/  / ---------t -----n ( iR  -  tlr) -  T"’fh  ~  2ro< R ) -  rwr2 + 2nlx.RT0cr )
Jo Jrp 2 u ,)rH  v  >
2 / V  V 2R
where
1 ( 2  tw ( R  — t h ) 2 . _  , . „  . .
 2 T 0 ; (R. -  t h )  +  /? (r„, -  2 T o ,) rd rd O  (5.47)
Qc: flow rate of the sheared concrete zone (nd /s)
Performing the integral in equation 5.47 and rearranging the answer yields:
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Qc =  27T
8 Rft \ r  -  th)< -  T4 f ]  +  £ • ( ( « -  , h f  -pc TI w 3/ipc
+ ( R {Tw -  2tqi) +  (R  -  t h )  (twR -  Tw t h  -  2T0rR)
3/ipl
1 / Tw ( R - t h )2
2/i;;/ 2 R
4 fipcR.
T o i ( R - t h ) ) )  ( { R - t h )
2 T0r2R 2S
(5.48)
5.9.3 The flow rate within th e unsheared concrete zone
Similarly, the flow rate of the plug is calculated by integrating its velocity profile given 
by equation 5.44 over the cross-sectional area of the plug:
c2ir prp




Q P =  /  /Jo Jo
1 (  {R -  III)2 r l R
t h  (  r w thd
+  I Tw ~  To/ — 0  r ,
hpi \  2/? y
r d r d d (5.50)
where
Qp\ flow rate of the plug (m,5/s)
Performing the integral in equation 5.50 and simplifying the answer yields:
Qp
■KToc2 R 2 t 0c2R  (R.  —  t h )  ( t w R. — Tw t h  — 2 tq cR )+
1 ( tw (R  — t h ) 2
I1'pi 2 R
2/.ipCR  
-  To/ {R -  t h ) ) +
R  (r„, - 2  tqi)
2 fi.pi
(5.51)
5.10 Total concrete pipe flow rate
The total flow rate across the pipe section is the sum of the three flow rates of the 
lubrication layer, sheared concrete section, and plug.
Qtnt — Qi  + Qc +  Qp (5.52)
where
Qtot' total flow rate across the pipe section (m'!/s)
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Substituting equations 5.46, 5.48, and 5.51 into equation 5.52 and rearranging delivers 
the total flow rate across the pipe section:
Qtoi =  1or) 3 -------- ( - 1 2 nPiTw4R i th + 18/Xp/ Tw4R 2th2 -  \ 2 p pi r ^ R t h 4
1 ZltTw fipC flpi
-  4 T0rR 4p pi r , „ ' s  +  12 p ; j r  R 4Tw4th  -  I 8 p pr R 2Tw4t,h2 +  12 { ipr R t J t h A 
+ 12 Ti)cR 4p pl Tu? l h  -  12 t0cR 2hpi Tu) t h 2 +  4 n )rR p pi r,,,^//4
1 2/X;)r R Tw 4“ 1 2 flpr til Ti)[ R Tw 4 ftpc til T[)jRtu, -f- T()r /? /Ip/
+ 'Sfipi tJ R 4 +  3/xp( r„ 4 th 4 -  3 p pc r,„4f/?4) (5.53)
As indicated in equation 5.53, the total flow rate is expressed by the properties of concrete 
and the lubrication layer, shear stress at the wall, and the pipe radius. The shear stress 
at, the wall can be replaced by a function of the pressure loss and the pipe radius (from
(‘(ination 5.2). By doing so and rearranging, the to tal flow rate is depicted by the total
pressure loss along the pipe, length of the pipe, pipe diameter, properties of concrete and 
lubrication layer:
^ tot =  -ioa t --------- ( - 2 4 //pi AptofD H h + 72/ip; A p to4D2th 2 -  96 p pl A p U)t4 D th4
A M LA ptol ppcp.pi v
-  16 r()f,D3/ip; AptoiSL  +  24 ppc D :iA p lo, ]th ~  72 p pc D 2A pto4th 2 +  96p pc D A p lot4t h A 
+ 96 T0cD 2p pl A p tot Hh L -  192 T0cD p pl A p lo{Hh2L + 128 T0cp pl A p u/ t h 4L
-  9 6 p pcthT0lD2A p tol4L  +  192 p,pc th 2 DAj>,ot4L -  128 ppcth 4T0iA p to4L
+ 256 T0c4ppi L4 + 3 p pi A p tot4 D 4 + 48 p pt A  pto4th 4 -  48 ppc A p iot4th 4) (5.54)
when1
L: length of the pipe over which the total pressure loss is measured (in)
Aptot'- to tal pressure loss over the length L  of the pipe (Pa)
D. pipe diameter (m)
By replacing the total pressure loss by the pressure loss per unit length times the length 
(L) of the pipe in equation 5.54, the flow rate can also be expressed by the pressure loss 
per unit length of the pipe, as indicated in equation 5.55.
Qtot =  o T / Aa A  { - n p piA p4R 7th + \S p plA p 4RH h2 -  12 p piA p4R-'tfi4 
Z4if, la]) ]ipc]ipl 
— 8TQrR 7ppiAp4 + 12ppcR 7 A p 4th  ~ \Hp,prR ,‘A p 4t h 2 + 12p,p(.RbA p4th)
+  2 4 t 0cR ('pp iA p 'th  -  24 to cR 5PpiApHh2 + 8 r 0rR 4 PpiAp'Rh4
-  24 p prth.T0i R 6A p 4 +  2 4 p pct,h2T0lR 5 A p 4 -  8 p prth-i T(HR 4A p i +  16r0 r l /? '// ,,;
+  3ppiA p4R H +  ‘ipp iR 4A p4t,h4 -  3ppcR 4A p 4th 4  ^ (5.55)
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5.11 Analytical pressure prediction model
Equations 5.53, 5.54, and 5.55 furnish an analytical model to calculate the pressure loss at 
different flow rates based on the pipe size and the properties of concrete and lubrication 
layer.
At this stage, equation 5.55 was chosen to analytically describe the different effects 
and interactions between the param eters, in relation to the discharge rate and pressure 
loss. Since1 it is impossible to plot the range of changes of all variables in one graph, the 
model is represented through different contour diagrams, where only three param eters 
can vary at once. The resulting diagrams serve as a simple approach to predict the 
pressure loss on job sites for a wide range of concrete properties and pumping discharge 
rates. The ranges of the studied param eters in the following sections mainly cover the 
behavior of highly-flowable concrete such as SCC. Different ranges of param eters may be 
chosen and used in equation 5.55. The responses of variations in different param eters 
and their relationships are discussed in the following sections.
5.11.1 Influence of concrete properties
The; effect of concrete viscosity on pressure loss of concrete pumped at different discharge 
rate's and in different pipes sizes is illustrated through Figures 5.7 and 5.8. As indicated, 
concrete viscosity controls the pressure loss to a large extent. For a given discharge rate, 
the pressure loss significantly increases as viscosity increases; this effect becomes more 
pronounced in the range of high discharge rates and low viscosities. For example, a t a 
discharge rate of 10 1/s, increasing viscosity from 20 to  40 Pa s increases the pressure loss 
by 30%, while for the same increase in viscosity from 60 to 80 Pa s the pressure loss only 
increases by around 10% (Figure 5.7). For a higher discharge rate of 20.5 1/s, the increase 
in viscosity from 20 to 40 Pa s results in an increase in the pressure loss of approximately 
38%, while the same increase in viscosity from 60 Pa s to  80 Pa s increases the pressure 
loss by approximately 12%.
A part from the direct influence of viscosity on pressure loss, viscosity is firmly inter­
related with the properties of the lubrication layer. A separate section (5.11.3) is devoted 
to  discuss these interactions in detail.
The effect of yield stress on the pressure loss a t different discharge rates for 5-in. 
(127 mm) pipe is depicted in Figure 5.9. It can be inferred that, a weak correlation exists 
between the pressure loss and yield stress, although an increase in yield stress leads to a 
slight, increase in the pressure loss for a given discharge rate. Evidently, the influence of 
the yield stress on the discharge rate is considerably less significant than viscosity. This is 
anticipated as the largest part of the concrete section across the pipe (in the studied case 
of highly-flowable concrete) is sheared due to its relatively low yield stress. Consequently, 
the flow pattern  is governed by viscosity rather than yield stress. This finding is further 
confirmed through several empirical results presented in section 6.10.1.
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Figure 5.7: Relationship between concrete viscosity and pressure loss for different 
discharge rates, and given properties o f the lubrication layer: (a) 3D plot; (b) contour 
diagram. Given: concrete yield stress = 30 Pa, viscosity o f lubrication layer = 5 Pa 
s, thickness o f lubrication layer — 1.5 mm, yield stress o f lubrication layer = 1 Pa, 
and pipe diameter — 5 in. (127 mm).
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F igure 5.8: Relationship between concrete viscosity and pressure loss for different 
discharge rates, and given properties o f the lubrication layer: (a) 3D plot; (b) contour 
diagram. Given: concrete yield stress = 30 Pa, viscosity o f lubrication layer = 5 Pa 
s, thickness o f lubrication layer = 1.5 mm, yield stress o f lubrication layer = 1 Pa, 
and pipe diameter =  4 in. (102 mm).
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F igure 5.9: Relationship between yield stress o f concrete and pressure loss for 
different discharge rates, and for given properties o f the lubrication layer and concrete 
viscosity: (a) 3D plot; (b) contour diagram. Given: concrete viscosity — 50 Pa s, 
viscosity o f lubrication layer = 5 Pa s, thickness o f lubrication layer — 1.5 mm, yield 
stress o f lubrication layer — 1 Pa, and pipe diameter — 5 in. (127 mm).
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5.11.2 Influence o f the lubrication layer
The influence of the lubrication layer on the pressure loss is best described by considering 
its thickness and viscosity. As in the ease of concrete, increasing viscosity increases 
pressure loss at a given discharge rate. This increase is more significant at low viscosities; 
a small change in viscosity on the order of 5 Pa s can change the pressure loss by arround 
15% (Figure 5.10).
Thickness of the lubrication layer also has a profound influence on the pressure loss, 
as dem onstrated in Figure 5.11. The pressure loss substantially declines as the thickness 
increases. This effect, is more pronounced at high discharge rates and small thicknesses; 
a small increase in the thickness on the order of 0.5 mm can decrease the pressure loss 
bv 15%.
fo r a given pressure loss, the viscosity and thickness of the lubrication layer seem 
not to be independent from each other. As shown in Figure 5.12, an increase in viscosity 
leads to an increase in thickness for a given concrete viscosity and pressure loss. In this 
case, the changes in thickness and viscosity are not only interrelated but also affected by 
the changes in concrete viscosity (see section 5.11.3). An increase in concrete viscosity 
loads to a decrease in viscosity of the lubrication layer and an increase in its thickness. 
On the other hand, the resulting decrease in viscosity of the lubrication layer leads, more 
t han likely, to decreases its thickness. Since all these changes can occur simultaneously, 
the final change (increase or decrease) in the lubrication layer thickness is governed by 
the most dominating effect induced by both concrete and the lubrication layer viscosities. 
The coupled effect of viscosity and thickness of the lubrication layer on the pressure loss 
in relation with viscosity of concrete and its mix compositions can be further investigated 
by means of the tribological measurements, as described in C hapter 7.
The properties of the lubrication layer cannot be determined independently of the 
concrete mix compositions, among which the binder type and content are of prime im­
portance. For example, two concrete mixtures displaying equal viscosities bu t prepared 
with different binder contents or types may result in different lubrication layer properties. 
In this connection, an early study has concluded tha t the thickness increases with the 
cement paste volume, w/c, the content of HRWRA, and decreases with increasing the 
fine sand content [8]. As the thickness and viscosity of the lubrication layer can evolve in 
different directions when a change in concrete viscosity is introduced, investigating their 
effects on pressure loss is not straightforward. To facilitate this process, employing the 
viscous constant (a viscosity-to-thickness ratio) and other tribological param eters can 
provide an indication of the changes in these properties and their effects on the pressure 
loss (section 5.7). The correlations between the viscous constant and other tribological 
parameters, and the pressure loss are established empirically and explained in further 
detail in section 6.10.2.
To conclude, the lubrication layer has the following effect on pressure loss: pressure 
loss increases with increasing viscosity but decreases with increasing thickness. For a 
given pressure loss, the changes in the properties of the lubrication layer can be related 
to tin; changes in concrete' viscosity and may evolve in different directions. As a result, 
thickness and viscosity of the lubrication layer can yield opposite effects on the pressure 
loss and the final result then depends on which effect dominates. The influence of con­
crete mixture compositions on the properties of the lubrication layer cannot be captured
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analytically. The experimental results of the tribological tests (presented in Chapter 7) 
provide a better understanding of this matter. In addition, the coupled effect of viscosity 
and thickness on the pressure loss in relation with viscosity of concrete are investigated.
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Figure 5.10: Relationship between the viscosity o f the lubrication layer and pressure 
loss for different discharge rates, and given thickness o f the lubrication layer and 
concrete properties: (a) 3D plot; (b) contour diagram. Given: concrete viscosity = 
50 Pa s, yield stress o f concrete =  30 Pa, thickness o f lubrication layer =  1.5 mm, 
yield stress o f lubrication layer — 1 Pa, and pipe diameter — 5 in. (127 mm).
9 6 C h a p t e r  5  C o n c r e t e  F l o w  i n  P i p e s
0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Thickness o f lubrication layer (m) x 10
(b)
F igure 5.11: Relationship between the thickness o f the lubrication layer and pres­
sure loss for different discharge rates, and given properties o f concrete and thickness 
o f the lubrication layer: (a) 3D plot; (b) contour diagram. Given: concrete viscosity 
— 50 Pa s, yield stress o f concrete — 30 Pa, viscosity o f lubrication layer = 5 Pa s, 
yield stress o f lubrication layer — 1 Pa, and pipe diameter =  5 in. (127 mm).
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F igure 5.12: Relationship between the viscosity of the lubrication layer and its 
thickness for different discharge rates, and given pressure loss and concrete properties: 
(a) 3D plot; (b) contour diagram. Given: concrete viscosity =  50 Pa s, yield stress of 
concrete — 30 Pa, yield stress of lubrication layer =  1 Pa, pressure loss 50000 Pa/m, 
and pipe diameter =  5 in. (127 mm).
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5.11.3 Interactions between th e  properties o f concrete and th e  
properties o f  the lubrication layer
Determining the properties of the lubrication layer is difficult in practice, and determining 
its interactions with the concrete properties is even more so. A fixed pressure loss can be 
a helpful assumption to simplify the analysis a t his stage. In this case, the properties of 
the lubrication layer are affected by the viscosity of the concrete', as outlined previously. 
Viscosity of the lubrication layer and viscosity of concrete evolve in opposite' directions, 
as pmse'nted in Figure 5.13. For the given pressure loss, viscosity of the lubrication 
layer decreases with increasing viscosity of concrete. This phenomenon is evident in 
the’! range of low concrete viscosity (below 30 Pa s), while it becomes less significant for 
highcT viscosities. This decrease can be explained by the lower flexibility of the free 
water droplets and fine particles to move within the concrete m atrix a t high viscosity. 
It follows that, only low-viscous paste and water droplets can migrate toward the high 
shc-ar zone; to form a low-viscous lubrication layer. Because of theoretical nature of this 
phenomenon, this is only a possible explanation and other causes may exist.
Assuming a constant pressure loss, the correlation between the thickness of the 
lubrication layer and the viscosity of concrete for different discharge rates is presented in 
Figure 5.14. For a given discharge rate, the thickness of the lubrication layer increases 
with the viscosity of concrete. A sharp increase is observed at low concrete viscosities 
(below 30 Pa s), while a lower one is observed at higher viscosities.
Reflecting on the above analysis, it suffices to say tha t the changes in the properties 
of the lubrication layer are related to those found in concrete at a given pressure loss. An 
increase in concrete viscosity decreases viscosity of the lubrication layer while increases 
its thickness. Each of these changes results in a different effect on the pressure loss, 
hence, the final effect is a function of all the changes in both the lubrication layer and 
concrete, with the latter showing the highest effect.
5.11.4 Influence o f pipe diam eter
Selecting the pipe radius is an im portant step in designing a pumping circuit since it is 
a key factor influencing the pressure loss along the streamline. In pumping concrete, the 
case becomes even more complicated as some properties of the lubrication layer exhibit 
a high dependency on the pipe size.
The analytical analysis proves the solid relationship between the pipe radius and the 
pressure loss at different discharge rates (see Figure 5.15). As expected, increasing the 
pipe diameter significantly reduces the pressure loss for a given discharge rate. This is 
a ttributed  to a reduction in the flow velocity, resulting in lower energy dissipation.
Because of its influence on the flow velocity and the shear magnitude across the pipe, 
the pipe diameter is a substantial factor in determining the properties of the lubrication 
layer. Figure 5.16 exemplifies the relationship between the pipe radius and the thickness 
of the lubrication layer for a given pressure loss and concrete viscosity. In this case, 
increasing the pipe radius decreases the thickness of the lubrication layer, as indicated 
in Figure 5.16. This could be justified in light of the theory stating th a t the lubrication 
layer is formed as a consequence of the shear action taking place within the fresh concrete 
matrix. As a smaller radius results in a lower velocity (at a given discharge rate) and
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shear rate within the concrete, fewer particles will m igrate toward the high shear zone, 
resulting in a thinner lubrication layer. It should be noted tha t the above discussion is 
valid for a constant pressure loss and concrete viscosity. Changing the ranges of these 
affecting param eters may lead to different changes in the thickness of the lubrication 
layer.
From the above discussion, it can be concluded that the pipe radius is a controlling 
factor in the design of a pumping circuit as it primarily influences the properties of 
the lubrication layer and the pressure loss. Apart from questions of economy, selecting 
the pipe radius is therefore a m atter of the properties of the pumped concrete and the 
required pumping height, as described in section 6.10.1.
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F igure 5.13: Relationship between the viscosity of concrete and viscosity of the 
lubrication layer for different discharge rates, and given pressure loss and thickness 
of the lubrication layer: (a) 3D plot; (b) contour diagram. Given: yield stress of 
concrete =  30 Pa, thickness of lubrication layer = 1 . 5  mm, yield stress of lubrication 
layer =  1 Pa, pressure loss =  40000 Pa/m, and pipe diameter =  5 in. (127 mm).
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Figure 5.14: Relationship between the viscosity of concrete and the thickness o f the 
lubrication layer for different discharge rates, and given pressure loss and viscosity 
of the lubrication layer: (a) 3D plot; (b) contour diagram. Given: yield stress o f  
concrete =  30 Pa, viscosity o f lubrication layer =  15 Pa s, yield stress of lubrication 
layer =  1 Pa, pressure loss =  40000 P a/m , and pipe diameter =  5 in. (127 mm).
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F igure 5.15: Relationship between the pipe radius and pressure loss for different 
discharge rates, and given properties o f the lubrication layer and concrete viscosity: 
(a) 3D plot; (b) contour diagram. Given: concrete viscosity — 50 Pa s, yield stress o f 
concrete = 30 Pa, viscosity o f lubrication layer = 5 Pa s, yield stress o f lubrication 
layer = 1 Pa, thickness o f lubrication layer = 1.5 mm.
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Figure 5.16: Relationship between the pipe radius and thickness o f the lubrication 
layer for different discharge rates, and given pressure loss and concrete properties: 
(a) 3D plot; (b) contour diagram. Given: concrete viscosity = 50 Pa s, yield stress o f 
concrete = 30 Pa, viscosity o f lubrication layer = 5 Pa s, yield stress o f lubrication 
layer = 1 Pa, pressure loss — 40000 Pa/m.
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5.11.5 Vertical pum ping
For pumping to be successful, the power of the pump must overcome the various forms 
of energy losses along the streamline. The required head of the pump can be determined 
by an energy balance between two {joints, while considering pressure losses due to pipes 
and equipment. Applied to a case of vertical {jumping, the energy provided by the pump 
must then balance for different effects: elevation, kinetic energy, friction losses (A F), 
and minor losses due to equipment (fittings, valves, etc.) (see also section 4.6.3). The 
head tha t a {jump can produce at various flow rates and constant speed is established 
through pump tests conducted by pump manufacturers. Many commercially available 
performance charts determine the pumping power needed for a wide scope of concrete 
{jumps at different discharge rates and heads.
Example
Compute the {jump horsepower needed to deliver concrete with a viscosity of 40 Pa s to 
a height of 1000 m at a flow rate of 12 1/s.
Assume: concrete yield stress =  30 Pa, concrete density =  2350 kg/m '5, pipe diameter 
=  5 in. (127 mm), thickness of lubrication layer =  1.5 mm, viscosity of lubrication layer 
=  5 Pa s, yield stress of lubrication layer =  1 Pa. Neglect all minor losses generated by 
the pump and the equipment along the streamline.
Solution:
a. Applying the steady flow energy equation to two points on the streamline, the first 
a t the free surface of the pump reservoir and the second a t the pipe exist gives:
+ 7T +  =  ( h2 + ^ -  + — )  +  A F  -  h (5.56)
2 9 P \0 j in \  2 g P 29)out
where
p: concrete density (kg/m '5)
up. concrete flow velocity at the reservoir surface ~  () (m /s) 
v2: concrete flow velocity at the pipe exit (m/s) 
g: gravitational constant =  9.81 (m /s2) 
h\: reference height, considered 0 (m) 
h2: elevation above reference height (m)
P\\  atmospheric pressure at the reservoir surface (Pa) 
p2: atmospheric pressure at the pipe exit (Pa)
A F: head loss along the pipeline (m) 
hjmrnp: head of the pump (m)
Neglecting the concrete velocity at the reservoir surface, and assuming there is no change 
in concrete density along the stream, 5.56 equation is simplified to:
0  +  0 + 2 2 = )  _ ( * , +  i  +  2£a) + A F - h „    ( 5 . 5 7 )
n  V 2a p«
V.
2 g
h ' 2  +  1 +  A F  — h p u n i p  (5.58)
o u t
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b. Concrete velocity at the pipe exit can be calculated from the known flow rate and the 
pipe diameter:
Q 12 x 10"3
v-2 =  — = --------------------------o =  0.94 m /s
A  (tt/4)(12.7 x 10”2)2
c. For the given param eters, the pressure loss per unit length of the pipe from Figure 5.7 
is 3 .8x 10'1 P a/m , and the total pressure loss over the pumping length is then 3.8x 101 x 10'* 
=  3.8 x 107 Pa. Expressing the pressure loss as a head loss gives:
. 3.8 x 107 3.8 x 107
A F  = -------------= ------------------=  1648.33 m
pg 2350 x 9.81
d. Substituting the individual terms and the total pressure loss in equation 5.58, yields:
(0.9412
thump =  1000 m 4--------------- f- 1648.33 m. =  2648.37 m (5.59)
2 x 9.81
W ith the head pump known, the delivered pump horsepower can be computed:
Ppump = Q P<J hpump =  12 x 10~3 x 2350 x 9.81 x 2648.37 =  732.65 klV  = 982.48 hp
As can be deduced from equation 5.59, for the given parameters, the pressure loss is 
the dominant param eter in determining the pump head, followed by the pumping height. 
This can change when lower concrete viscosity or larger pipe is used, as presented in 
Table 5.1.
By repeating the steps detailed above for the same pumping height, but different 
concrete viscosities, pipe diameters, and discharge rates, the resulting pressure losses and 
pump horsepower can be arranged in Table 5.1.
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Table 5.1: Total pressure loss computed using the analytical model for different 
viscosities o f concrete and pipe diameters.
Viscosity = 20 Pa s
I) = 4 in (102 mm) D = 5 in (127 mm)
<2 V. Ap AF hr p1 pum p 0 V; Ap AF hp p1 pum p
1 itre/scc m/s Pa/m m m kW litre/sec m/s Pa/m m m kW
6 0 73 30000 130 3 2301.3 318.3 6 0 47 15000 650.7 1650 7 228.3
8 0 48 38000 1648 3 2648 4 488.4 8 0 63 17000 737 4 1737 4 320 4
10 1 22 48000 2082.1 3082.2 710.6 10 0 79 22000 954 3 1954 3 450 5
12 1 47 57000 2472 5 3472.6 960.7 12 0 95 27000 1171.2 2171 2 600 7
14 1 71 66000 2862.9 3863 1 1246 8 14 1 11 30000 1301 3 2301 4 742 8
16 1.96 72000 3123 2 4123 4 1520 9 16 1.26 35000 1518.2 2518 3 928.9
18 2.20 85000 3687.1 4687 3 1945.1 18 1 42 40000 1735 1 2735 2 11350
20 2 45 92000 3990.7 4991.0 2301.2 20 1 58 43000 1865 2 2865 4 1321.1
Viscosity = 40 Pa s
1) = 4 in (102 mm) D = 5 in (127 mm)
Q V, Ap AF K P p » m p 0 V; Ap AF hp p
litrc/sec m/s Pa/m m m kW litrc/sec m/s Pa/m m m kW
6 0 73 40000 1735 1 2736.9 318 3 6 0.47 19000 824 2 1824 2 252.3
8 0 98 48000 2082 1 3085.4 488 4 8 0.63 25000 1084 4 20 84.5 384 4
10 1 22 60000 2602 6 3607.7 7106 10 0.79 29000 1257.9 2258 0 520 5
12 1 47 77000 3340.1 4347.4 960.7 12 0,95 38000 1648.3 2648.4 732.7
14 1 71 87000 3773.8 4783 8 1246.8 14 111 42000 1821.8 2821.9 9108
16 1 96 95000 4120.8 5133.9 1520.9 16 1 26 48000 2082.1 3082.2 11369
18 2.20 110000 4771.5 57880 1945 1 18 1.42 55000 2385.8 3385.9 1405.0
20 2.45 120000 5205.3 6225.7 2301.2 20 1 58 60000 2602.6 3602.8 1661.1
Viscosity = 60 Pa s
D = 4 in (102 mm) D = 5 in (127 mm)
0 V, Ap AF hp Pp<.m p y V2 Ap AF' hp P p p n ip
1 itre/scc m/s Pa/m m m kW litre/sec m/s Pa/m m m k v /
6 0 73 48000 2082.1 3083.9 318.3 6 0.47 22000 954.3 1954.3 270.3
8 0 9 8 55000 2385.8 3389 0 488.4 8 063 28000 1214.6 2214.6 4084
10 1 22 67000 2906.3 3911.4 7106 10 0.79 35000 1518.2 2518 2 580 5
12 1 47 85000 3687.1 4694.4 960.7 12 0.95 43000 1865.2 2865 3 792.7
14 1.71 97000 42076 5217.6 1246.8 14 111 49000 2125 5 31256 1008.8
16 1 96 108000 4684 8 5697.8 1520.9 16 1.26 55000 2385.8 3385.8 1248 9
18 2 20 126000 5465 5 6482.1 1945.1 18 1 42 63000 2732.8 3732 9 1549 0
20 2 45 139000 6029 5 7049.8 2301.2 20 1.58 70000 3036.4 4036.5 1861 1
Viscosity = 80 Pa s
D = 4 in. (102 mm) D = 5 in (127 mm)
y V, Ap AF hr p1 pum p 0 V2 Ap AF hp p1 pump
1 itre/scc m/s Pa/m m m kW litre/sec m/s Pa/m m m kW
6 0 73 49000 2125 5 3127.3 318.3 6 0.47 24000 1041 1 2041.1 282 3
8 0.98 60000 2602.6 3605.9 488.4 8 0.63 30000 1301.3 2301 3 424,4
10 1 22 72000 3123 2 4128.3 7106 10 0.79 37000 1605.0 2605 0 600 5
12 1 47 91000 3947 3 4954.7 960.7 12 0 95 46000 1995.4 2995 4 828 7
14 171 102000 4424 5 5434.5 1246.8 14 1 11 52000 22556 3255 7 1050.8
16 1 96 115000 4988.4 6001.4 1520 9 16 1 26 59000 2559.3 3559.3 1312.9
18 2 20 132000 5725.8 6742.3 1945 1 18 1 42 69000 2993.0 3993.1 16570
20 2.45 147000 6376.5 73969 2301.2 20 1 58 75000 3253 3 4253.4 1961.1
V iscosity = 100 Pas
13 = 4 in (102 mm) D =  5 in (127 mm)
y V; Ap AF hp p1 pum p y V, Ap AF hp p1 pm np
1 itre/scc m/s Pa/m m m kW litre/sec m/s Pa/m m m kW
6 0 73 51000 2212.2 3214.1 318.3 6 0 47 27000 1171.2 2171 2 300 3
8 0 98 63000 2732.8 3736 0 488 4 8 063 33000 1431.5 2431 5 448.4
10 1 22 76000 3296.7 4301.8 7106 10 0 79 39000 1691 7 2691 7 620.5
12 1 47 97000 4207.6 5214.9 960 7 12 0.95 49000 2125.5 3125 5 864.7
14 1 71 107000 4641,4 5651.4 1246 8 14 I I I 56000 2429.1 3429 2 1106 8
16 1 96 120000 5205.3 6218.3 1520.9 16 1 26 63000 2732 8 3732 9 1376.9
18 2.20 138000 5986 1 7002.6 1945.1 18 1 42 73000 31665 41667 1729.0
20 2.45 150000 6506.6 7527.0 2301.2 20 1 58 79000 3426 8 4426 9 2041 1
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5.12 Summary
hi tlii' first part of this chapter, an analytical derivation was described to determine the 
thickness and viscosity of the lubrication layer by means of tribological and rheological 
tests.
The different How zones that form across the pipe section during pumping were 
analytically characterized. It was found that the boundaries between these zones and 
their velocity profiles are complex functions of the properties of concrete, the properties of 
the lubrication layer, and the pipe diameter. Using the velocity profiles, the contribution 
of each flow zone to the total flow rate  across the pipe was determined assuming the 
Bingham behavior of concrete.
In the second part of this chapter, the effect of the rheological properties of concrete 
and those of the lubrication layer, and pipe size on pressure loss at different discharge 
rates were analytically investigated. It was dem onstrated tha t concrete viscosity is a key 
param eter influencing pressure loss and the properties of the lubrication layer. Pressure 
loss increases with viscosity of concrete, bu t is not significantly influenced by yield stress. 
The effect of concrete viscosity on pressure loss is more pronounced in the range of low 
viscosity (below 30 Pa s) and high discharge rate.
The correlations between the properties of the lubrication layer and the pressure loss 
disclosed th a t the pressure loss increases with viscosity of the lubrication layer, while it 
decreases with increasing its thickness, for a given discharge rate and concrete viscosity. 
The; analysis also revealed that, for a given pressure loss, the lubrication layer properties 
are; not only interdependent with themselves but also correlated with concrete viscosity. 
'Fhe thickness and viscosity of the lubrication layer increase together. Also, an increase 
in concrete viscosity results in a decrease in the viscosity of the lubrication layer and an 
increase; in its thickness. This decrease is evident for concrete viscosities below 30 Pa s, 
bu t it becomes less significant above this value. Because of their dependency on concrete 
viscosity, the (Tanges in the lubrication layer properties can yield different, effects on the 
pressure; loss. As a result, the final effect is then a function comprising all the effects 
induced by the lubrication layer and concrete.
It was also found that, for a given discharge rate, increasing the pipe diameter can 
significantly decrease pressure loss and the thickness of the lubrication layer. Apart from 
questions of economy, selecting the pipe radius is therefore a m atter of the properties of 
1 lie pumped concrete and the required pumping height.
The analyses showed that, among the studied param eters viscosity is the most in­
fluential property on pressure loss followed by the thickness of the lubrication layer and 
its viscosity. On the other hand, yield stress of both concrete and lubrication layer only 
show a little influence on pressure loss.
The contour diagrams and 3D plots presented in this chapter provide a clear quanti­
tative and qualitative description of the different param eters governing the pressure loss 
in pipes. By means of the presented diagrams, pumping pressure loss can be practically 
computed for a wide range of concrete rheological properties (r0,/i;)) and pipes geometries 
( L , R ) .
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6.1 Introduction
This chapter is dedicated to discussing the full-scale pumping tests performed at the 
laboratory of the Universite de Sherbrooke. The first half of this chapter details all as­
pects of the experimental program, including the circuit design, the mix design of the 
pumped concrete, and the testing methods that were used during the pumping program. 
The second half outlines the experimental results, which were submitted to an analytical 
assessment separated into three parts. In the first part, empirical relationships between 
pressure loss and the measured rheological and tribological properties of concrete are ad­
dressed. In the second part, the results are statistically modeled using multiple regression 
analysis to enable prediction of pressure loss based on concrete properties. Furthermore, 
quantitative descriptions of the effects of certain rheological and tribological properties 
on pressure loss are highlighted. Similar statistical analysis is performed for the V-funnel 
results, delivering a practical approach to predict pressure loss on job sites. In the third 
part of this chapter, the effect of pumping on concrete properties, the difference between 
SCC and CVC in pumping operations, and the development of a new testing apparatus 
to predict pressure loss on job sites are discussed.
6.2 C ircuit design
A 30-m closed pumping circuit was installed at the laboratory of the Universite de Sher­
brooke. It was used to pump 26 concrete mixtures to evaluate the effects of different mix 
design parameters on pressure loss in two types of pipes. The circuit was constructed in 
two parts using 4-in. (102 mm) and 5-in. (127 mm) pipes. A schematic representation 
and a picture of the circuit are presented in Figures 6.1 and 6.2. Segments 2 to 8 of 
the pumping circuit were built with 4-in. (102 mm) pipes, while segments 10 to 20 were 
built with 5-in. (127 mm) pipes. The two parts were joined by a reducer (segment 9). 
Segments 8 and 10 were elbows with radii of 75 and 50 cm, respectively. Segment 9 was 
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F igure 6.1: Schematic representation o f the pumping circuit (scale 1/00). The 
pressure sensors are in red.
1 1 2 O l I A P T K R  6  P u m p i n g  "FUSTS
Four pressure sensors were installed in the middle of segments 3, 7, 11, and 15, and 
connected to the data  acquisition system so tha t the variation in pumping pressure could 
be monitored during testing.
6.3 Test setup
6.3.1 C oncrete pum p
Schwing BPL 900 pump: a hydraulic truck-mounted piston pump with a maximum pres­
sure (on the concrete) of GO bar (6000 kPa) and a maximum output of 90 m,!/h  was used. 
The pump has a 0.75 rrP reservoir and is equipped with two hydraulic cylinders, each 
with a diam eter of 20 cm and a stroke length of 2 in. The cylinders work alternatively: 
a sudden decrease and increase in both discharge rate and pressure can be recorded at 
the alternation point, while the discharge is approximately constant during the pushing 
phase1 of the cylinder. The pum p comes equipped with a remote control, giving the user 
the option of changing the discharge instantaneously as per requested during testing.
P ip e s
Standard steel pipe sections of 3 m and 1 m in length with inner diameters of 4 and 5 in. 
(102 and 127 mm) were assembled to build the pumping circuit. To connect the pipes 
with different diameters, a straight reducer (segment 9) was used. The similar pipes were 
connected to each other using adjustable clamps with rubber gaskets to  ensure tha t the 
connections were watertight (see Figure 6.2).
S am p lin g
A wheelbarrow was used to take samples of concrete from the mixing truck a t the arrival. 
Also, a wheeled container was employed to take samples of concrete after pumping and 
throughout the discharge calibration process.
6.4 M easuring system s
6.4.1 Pressure and tem perature sensors
Four identical pressure sensors with a maximum capacity of 69 bar and a safety margin 
of 35 bar were installed in the middle of segments 3, 6, 10, and 13 (see Figure 6.3). 
The pressure sensors are equipped with a membrane th a t is connected to a set of strain 
gauges. The deformation of the membrane is translated  into pressure reading. The 
sensors were connected to a data  acquisition system (Vishav System 5000) capable of 
transforming the measured pressure into supply voltage (in mV) at a frequency of 10 
Hz. The distance between the two adjacent pressure sensors was 10.18 m for the small 
pipes, and 10.01 m for the large pipes. The pressure loss per unit length was obtained 
by dividing the pressure difference between two adjacent sensors bv the corresponding
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M i
Figure 6.2: Pumping circuit (top); pum p reservoir (bottom left); and a clamp 
connecting two 5-in. (127 mm) pipes (bottom right).
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distance. T em perature sensors, coupled w ith each pressure sensor and using th e  same 
acquisition software, were installed to  m onitor the  tem peratu re  changes during pum ping.
Figure 6.3: Pressure sensor and strain gauges installed at the same location on the 
pipe wall.
6.4.2 Strain gauges
In order to  m easure the  deform ation of the  pipes under pressure, two stra in  gauges were 
glued to  the outer surface of the  pipes using the  same layout as the pressure sensors 
(Figure 6.3). Since it is proven th a t th e  deform ation of the  pipe under pressure is well 
related to  the  applied pressure [1], the  strain  gauges can serve as a redundan t measuring 
system  of pressure loss in case the  pressure sensors malfunction. T he pressure loss then  
can be reproduced from the  correlation between the  deform ation of the  pipes under 
pressure and the  pressure m easured by the  sensors (when they were working).
U nfortunately, all pressure sensors were broken a t an early phase (at 1 /3-1 /2) in 
the  experim ental program , most likely as a result of the  pressure surges they received 
during testing. Consequently, the pressure m easurem ents la ter relied on the  strain  gauges 
using th e  approach described above. The average strain  of each coupled gauges was 
correlated w ith  the  results of the  corresponding sensor delivering the  calibration formula 
for the  s tra in  gauges. The average strain  was considered to  reduce the  fluctuations in 
the  m easurem ents, created by variations in pipe thickness, alignm ent, installa tion of the 
s tra in  gauges, etc. It is notew orthy th a t some of the stra in  gauges displayed abnorm al 
m easurem ents. This can be a ttr ib u ted  to  the la teral movement of the circuit under the 
stroke of the  pum p. Such deviated results were excluded from the analysis.
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6 .4 .3  D isch a rg e  co n tro l
The pump operating system was equipped with a discharge controller allowing changes 
in the discharge as required during testing. In virtue of the pump specifications, the 
theoretical volume of concrete discharged with each stroke of the pum p was known. 
Hence, the discharge was calculated bv dividing the total volume of concrete pumped 
with a certain number of strokes by the elapsed time. The number of strokes was clearly 
audible, and the elapsed time was measured with a stopwatch.
Another approach for measuring the time was provided by the pressure-time rela­
tionship registered by the acquisition system (Figure 6.4). As a result, the discharge 
could be determined using two different approaches and, in fact, both coincided nicely 
throughout the experimental program.
The discharge calculations a t this stage was based on two assumptions: first, tha t the 
pump cylinders are completely filled with concrete, and second, tha t the pump provides 
a constant discharge during a stroke (Figure 6.5).
In fact, both of these assumptions were inaccurate and needed to be corrected. 
Practical experience has shown tha t the pump cylinders are not completely filled [2], and 
the discharge rates varies during the pump stroke from a maximum to a minimum peak 
resulting in a variable discharge rate, as displayed in Figure 6.4.
17
T im e (second)
Figure 6.4: Concrete pressure during several pump strokes (1 bar — 100 kPa)
6 .4 .4  D isch a rg e  ca lib ra tio n
In order to correct the inaccurate assumptions of the discharge rate calculation method, 
calibration tests were executed with the goal of bridging the gap between the calculated 
theoretical discharge rates and the actual discharge rates of the pump. One test was 
performed for each concrete delivering a relationship between the calculated and actual 
discharge rates. The obtained relationship was then employed to calculate the actual 
discharge rate for a certain concrete at any testing stage.
The calibration tests were executed using a sampling reservoir connected to a load 
measuring cell (with a frequency of 10 measurements per second) to measure the weight
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of concrete exiting the pipe and entering the reservoir. Using the load cell to measure the 
weight variations, and the stopwatch (or the acquisition system) to measure the time, a 
precise idea of the mass flowing through the circuit, per stroke, was ascertained. Once the 
density and weight of the concrete have been measured, the initial data were converted to 
an accurate measurement of the volume variation with time. The calibration tests were 
repeated for several discharge rates for each concrete mixture. As a result, relationships 
between the actual and measured discharge rates were established and used to correct 





Figure 6.5: Assumed discharge rate (red curve) and actual discharge rate (black 
curve) during pumping tests. Adapted from [lj.
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Discharge by stopwatch and file (I/s)
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Figure 6.6: Illustrative example o f the relationship between the actual discharge 
rates and the discharge rates measured using the load cell and stopwatch (black), 
and the data system (red). Grey line is 1-on-l relationship assuming the complete 
filling o f the cylinders.
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6.5 Cleaning
Cleaning witli compressed air was the method of choice in this project as it is the most 
used in pumping applications. The cleaning procedure began by inserting a sponge ball 
drive'll by pressurized air in the pipes near the pump. As it moved further through the 
pipes, the sponge ball accelerated as the amount of concrete decreased. Therefore, for 
safety purposes the pressurized air was removed when the sponge reached two thirds of 
the total length of the circuit. Once the sponge left the circuit, all pipes, rubber gaskets, 
clamps, test equipment, and reservoirs, were dismantled and cleaned with water for the 
next, use. A tight cloth, when needed, was pushed through the pipes by a rod to ensure 
the complete removal of any residual cement paste.
6.6 M ix design
Twenty six concrete mixtures including SCO, HWC, and CVC, were tested in the pumping 
circuit. Considering the future application of this research, SCC and HWC were the main 
focus, whereas the three CVC mixtures served only a comparative purpose. The tested 
mixtures cover a wide range of the most influential mix design param eters including 
w/crn, binder content, paste volume, slump flow consistency, and S/A . The complete 
mix designs and compositions are presented in Tables B.15 and B.16.
The SCC and HWC mix design param eters fall in the area of high-strength, highly 
flowable concrete within a slump flow range of 350-850 mm. As presented in Tables B.15 
and B.16, w /cm  varied between 0.22 and 0.34, and the S/A  from 0.47 to 0.53. The binder 
content, changed from 435 to 680 kg/m 3, and the paste volume from 358.5 to 407.5 1/m3. 
A blend of two types of limestone aggregates with MSAs of 10 mm and 20 mm were used 
in different proportion depending on the S/A  in question.
A local sand with a maximum particle size of 5 mm was used in all mixtures. The 
initial slump flow of SCC and HWC mixtures ranged from 410 to 815 mm, while the slump 
of the CVC mixtures from 180 to 235 mm. A combination of GU+25% Class C fly ash was 
used for SCC6, whereas the binder used for the remaining mixtures was a ready blend of 
GU+8% silica fume (except SCC5). Two commercially available polvcarboxylate-based 
HRWRAs were used: Plastol 6200 and Plastol 5000. The foreseen quantity of the first 
HRWRA (Plastol 6200) was added at the concrete plant during mixing, while the second 
HRWRA (Plastol 5000) was added upon the arrival of the mixing truck, as needed. All 
mixtures were mixed at a local concrete plant in Sherbrooke (Demix Beton) and were 
received in a mixing truck 30-45 min after water-cement contact time.
6.7 Testing procedure
In total, 26 concrete mixtures were tested in the pumping circuit. In every cast', the 
initial slum p/slum p flow test was performed upon the arrival of the concrete truck. Fol­
lowing this test, slum p/slum p flow was adjusted by adding the appropriate quantity of 
HRWRA in the mixing truck. Mixing continued for two minutes and slum p/slum p flow 
was measured again. Prior to initiating the testing program, the pipes were lubricated by
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pumping a cement paste which was prepared separately using the Type GU cement. Lu­
bricating the pipes was essential to avoid any paste reduction when introducing the virgin 
concrete. Upon completion of the lubrication, the mixing truck unloaded the concrete 
into the pump reservoir, and it was pumped through the circuit at a low discharge rate of 
4 1/s to avoid any start-up blockage. Afterward, the concrete underwent a pumping cycle 
of 0-8 different discharge rates carried out in descending order. The range of the applied 
discharge; rates varied from 1-18 1/s. Each rate was held constant for five strokes in order 
to provide* stable* pressure lass measurements. The number of strokes was reduced to 
2-1 st roke's, in the* ease of low discharge rates (below 4 1/s) to avoid excessive pumping 
t ime. The entire cycle was repeated five times, with an interval of 30 minutes between 
consecutive eyeless. By so doing, the changes in concrete properties due to  pumping over 
time could be investigated.
The* concrete was kept at, rest in the pipes between consecutive pumping cycles, and 
therefore a pre-pumping stage was needed to eliminate any thixotropie behavior before 
t('sting was restarted. At all tasting stages, the pressure loss in the pipes was monitored 
bv the pressure sensors (initially) and strain gauges.
Fresh properties tests involving, slump/slump-flow, V-funnel, L-box (when appli­
cable*), air content, and static segregation, were executed for non-pumped and pumped 
sample's. Equally, the rheological and tribological properties of the concrete were deter- 
mine*el for both types of samples.
The; pumped samples were taken from the concrete falling directly out of the pipes 
into a special container (described in section 6.3.1) at the end of each pumping cycle. The 
samples of the non-pumped concrete were taken from another container filled with virgin 
concrete (after being accepted) from the mixing truck. The non-pumped concrete was 
kept at rest over the testing time, except when taking samples, a hand-mixing was applied 




Tin* rheological properties of the tested mixtures were preliminarily measured with the 
ICAR rheometer and further corrected through a special procedure, as detailed in section 
3.9. A description of the ICAR rheometer and its functionality are presented in section 
3.8.2.
The testing procedure developed for the ICAR rheometer started by pre-shearing 
the concrete sample for 20 seconds at maximum rotational velocity (0.5 rps) to eliminate 
the effect, of thixotropv on the measurements. The pre-shearing period was followed by 
a decrease in rotational velocity from 0.50 to 0.025 rps through 7 five-second increments. 
At each step, the velocity (N) and the corresponding torque (T) were registered and 
only then was the T-N relationship established. After excluding all da ta  points tha t 
were deviated or not in equilibrium, the slope and interception of the T-N relationship 
(known as the G and H param eters) were obtained and transformed using the Reiner- 
Riwlin equation to obtain the plastic viscosity and yield stress. Plug flow was verified by
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comparing the shear stress at the most outer point in the rheometer gap (R 0) with the 
yield stress of concrete. A shear stress value a t R 0 lower than the yield stress of concrete 
was an indication of plug flow. A special iterative procedure was then used to correct 
the measurements and recalculate the rheological properties.
A comparative study between the ICAR and ConTee rheometers of the Universite 
de Sherbrooke found that the ICAR rheometer underestimates viscosity, and in some 
cases, overestimates yield stress. Given the better accuracy of the ConTee rheometer, 
ICAR measurements wen1 transformed into equivalent ConTee measurements by means 
of a correlation established between the rheological properties of a wide range of concrete 
mixtures measured in both rheometers (see section 3.9 for further details).
6.8 .2  Tribology
A new Tribometer developed a t the Universite de Sherbrooke was used to assess the tri­
bological properties of the tested mixtures. The tribometer geometry, working principle, 
data treatm ent, and testing procedure, are described in detail in the following sections.
D evelopm ent o f the UdS tribom eter (2012)
The UdS tribom eter is based on the Tattersall Mk-III rheometer as a modified version of 
the Ngo tribom eter [3] (see Figure 6.7). The planetary motion of the impeller is removed 
and the H-impeller is replaced by a smooth steel cylinder th a t can rotate centrally at 
different, velocities in a cylindrical reservoir. The inner cylinder is connected to a measur­
ing cell that measures the corresponding torque. The diameters of the outer and inner 
cylinders are 237 mm and 125 mm, respectively, while their heights are 200 mm and 
260 mm, respectively. The head of the inner cylinder is cone-shaped (with a height of 
50 mm and an angle of 38.7°) to facilitate the penetration into the concrete. The clear­
ance between the cone and the bottom of the reservoir is 5 mm, which is very low. The 
tribom eter is connected to a computer through which the testing velocities and other 
testing param eters can be defined.
Testing procedure
The testing procedure startl'd by pre-shearing the sample for 30 seconds a t the maxi­
mum rotational velocity (of 0.9 rps) to eliminate the effect of thixotropy and form the 
lubrication layer near the rotating cylinder. The pre-shearing stage was followed by a 
l()-step regime decreasing rotational velocity from 0.90 to 0.015 rps. During each step, 
the rotational velocity was held constant for 5 seconds, while the corresponding torque 
was registered. The measured data  including the imposed velocities (N) and the cor­
responding torques (T) were registered by the tribom eter’s computer for further data  
analysis.
D ata treatm ent
Th(' raw data were extracted from the tribom eter and the torque was averaged at each 
of the ten different rotational velocity steps. The measured torque values were corrected 
by eliminating the side effect of the cone-shaped head of the inner cylinder, as detailed
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Figure 6.7: I Yibometer developed at the Universite de Sherbrooke (2012).
in the  following section. T he correlation between the corrected torque and  velocity was 
used to  determ ine the  tribological properties of concrete, as discussed a t length in section 
5.7.
Effect of the cone
During testing, the  cone-shaped head of the  inner cylinder creates some disturbance in 
th e  flow a t the  level of the  cone head. Several a ttem p ts  were prelim inarily m ade to  elim­
inate th is side effect. The first a ttem p t com prised testing  of nine concrete m ixtures, w ith 
different rheological properties, a t six different filling heights in the  tribom eter. A rela­
tionship was then  established between the filling heights and the  corresponding torques. 
By ex trapo lating  and  plo tting  this relationship, th e  side effect of the  cone graphically 
corresponds to  the  intercept w ith th e  torque axis (a t 0 filling height). A lthough this 
procedure is theoretically  the best one (Macosko, 1994) [4], it did not deliver consistent 
results. T he second a ttem p t was m ade by m easuring the  corresponding torque only a t 
th e  lowest filling height. Ideally, the  filling height of the  vertical p a rt of the  inner cylinder 
was 0 cm, indicating th a t only the  cone-shaped head was subm erged in the  concrete. In 
special cases, when th e  filling height exceeded the  cone height by 1 cm, the  torque was 
corrected by tak ing  the ra tio  of the contact surface of the  cone to  the sum  of the to ta l 
contact surface of th e  cone and the subm erged p a rt of the  inner cylinder. The ro tational 
velocity decreased in six steps from 0.9 to  0.1 rps for each tested  concrete. The results 
at the two lowest ro tational velocities showed doubtful accuracy due to  the  low torque 
registered; therefore, the  four steps a t the  highest ro tational velocities (from 0.3 to  0.9 
rps) were only used to  determ ine the influence of the cone.
T he te st results dem onstrated  th a t the m easured torque is a function of the  imposed
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ro tational velocity and  the  concrete viscosity, as presented in Figure 6.8. A clear d istinc­
tion could be m ade for the  tested  m ixture based on their viscosities (m easured w ith the 
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F ig u re  6.8: The cone effect o f the inner cylinder as a function o f the viscosity and 
rotational velocity. Perez-Schell A. et al. (2012).
As a  result, the  correction procedure yielded two equations for th e  torque, equation 6.1 
for concrete m ixtures w ith plastic viscosity (/xp) w ithin th e  range of 40-140 P a  s, and 
equation 6.2 for concrete m ixtures w ith plastic viscosity lower than  40 Pa s. As indicated 
in equation 6.2, for concrete m ixtures w ith plastic viscosity lower th an  40 P a  s, the  torque 
was shown to  evolve linearly from zero a t (theoretical) zero plastic viscosity to  the  value 
obtained a t 40 Pa s plastic viscosity for each ro tational velocity.
Tcmie =  (5.38 x 10~VP +  1.32 x K T 1) N  +  (4.28 x 1 0 'V p  +  4.41 x 1(T2) (6.1)
TCOne =  1.54 x 1 0 - ^ A f +  6.12 X 1(T2^  (6.2)
40 40
To conclude, the side effect generated by the cone can be elim inated through a correction 
procedure depending on concrete viscosity and  the  im posed ro tational velocity. The 
corrected torque values can be used then  for further analysis to  determ ine the  different 
tribological properties of concrete. A lthough the cone correction process is approxim ate 
and not straightforw ard, it is essential to  perform  th e  correction as the  effect of the  cone 
shows a sizable influence on the m easured torque values.
Tribological parameters
Several tribological param eters were derived from the  tribology test, as discussed in 
section 5.7. T he relationship between the  velocity of th e  cylinder (Vtot) and  th e  shear 
stress was established. T he natu re  of th is relationship, referred to  as I tr ib tot, is such 
th a t it can be used to  evaluate the  to ta l flow resistance of concrete. Also, th e  velocity 
of the  lubrication layer (Vu) was determ ined and correlated w ith the  shear stress. The 
slope of th is relationship, referred to  as Itribu , was used to  evaluate the  contribution
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of the lubrication layer to the concrete flow in the tribometer. The final correlation to 
consider was the difference between Vlot and (denoted as Vro) and its relationship with 
shear stress. The slope of this relationship, referred to as I tr ib fol, was used to describe 
the flow resistance of the sheared concrete section in the tribom eter gap. Further details 
concerning the tribological parameters and their mathematical derivations are available 
in section 5.7.
6.8 .3  A ssessm ent of the fresh properties
The fresh properties of the pumped mixtures were assessed using slump/slump-flow, air 
content, V-funnel, L-box, and static segregation tests (if applicable). Greater details 
concerning these test methods are presented in section 7.3.1. The pumped concrete 
samples were taken a t the end of each pumping cycle, and the non-pumped concrete 
samples were taken from the mixture before being pumped.
Both types of samples were kept under 100% humidity condition at laboratory tem ­
perature of 23 ±  2 °C and tested for compressive strength a t 7 and 28 days. The fresh 
properties of all tested mixtures are presented in Tables B.17-B.20, while the compressive 
strength results are presented in Table B.24.
6.9 Pressure loss data treatm ent
As mentioned previously, after the pressure sensors were broken, the pressure loss mea­
surement later relied on the strain gauges. Although the average strain was considered 
to reduce the fluctuations in the measurements created by variations in pipe thickness, 
alignment, installation of the strain gauges, etc., some measurements were affected by a 
certain error in the strain gauges (as in SCC14 for example). Some of these errors can 
be attribu ted  to the lateral movement of the circuit caused by the stroke of the pump.
A part from the measuring system, certain concrete mixtures exhibited a considerable 
reduction in stability under pumping pressure (SCC5 for example), which in certain 
cases led to unreliable pressure loss measurements. Based on the above considerations, 
all deviated measurements and scattered da ta  points were exeluded from the analysis 
presented in the following sections. The raw data  of the pressure loss presented can be 
found in Appendix C, and the excluded measurements of the pressure loss are presented 
in Tables B.25-B.28.
As mentioned before, during each pumping cycle the concrete was pumped at 0-8 
different discharge rates. The range of the applied discharge rates varied from 1-18 1/s. 
Eaeli rate was held constant for a certain number of st rokes to provide stable pressure loss 
measurements. An example of the correlation between the pressure loss and discharge 
rate  is presented in Figure 6.9. Since the discharge rate was controlled manually during 
testing, the applied discharge rates varied slightly from one pumping cycle to another, 
as shown in Figure 0.9. For the sake of simplicity, five discharge rates: 4, 8, 12, 16, and 
20 1/s, were selected from the pressure loss-discharge rate relationship for each pumping 
test. In this way, with an acceptable approximation, the different fixed discharge rates 
could be easily compared through the results discussion and analysis. Note that the 20 
1/s discharge was not attained during pumping tests but was obtained by extrapolating
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F igure  6.9: Relationship between pressure loss (in 4-in. pipes) and discharge rate 
at different pumping cycles o f SCC4.
th e  relationship between the  tested  discharge rates and pressure loss. The pressure loss 
corresponding to  the  fixed discharge rates are presented in Tables B.25-B.28, and the  
m easured pressure loss and discharge rates are listed in A ppendix C.
6.10 Test R esu lts
T he following d a ta  analyses consider different, correlations obtained between the  pressure 
loss and  various properties of the  tested  m ixtures. In order for the  forthcom ing sta tem en ts 
to  be true, it is necessary to  make two assum ptions a t th is stage. T he first is th a t the 
properties of concrete do not change during the  testing  tim e of a given pum ping cycle. 
T he second is th a t concrete properties in the  pipes under pressure are identical to  those 
m easured on concrete exiting the pipes a t th e  end of each pum ping cycle. W hen reading 
th e  following analyses, the pressure loss per unit length of pipe is referred to  as 'p ressure 
loss" unless otherwise stated .
6 .10 .1  R h eolog ica l p rop erties and  pressure loss
In th is section the rheological properties represented by viscosity and yield stress are 
em pirically correlated w ith the  pressure loss of pum ped concrete a t different discharge 
rates, for the  two types of pipes used in the experim ental program.
Viscosity
T he viscosities of the  pum ped SCC and HW C m ixtures (measured a t the  end of each 
pum ping cycle) are p lo tted  versus the ir corresponding pressure losses a t different dis­
charge rates, as indicated in Figure 6.10. T he pressure loss significantly increases w ith 
viscosity for bo th  types of pipes a t a  given discharge rate , an effect amplified by increas­
ing the  discharge ra te  (Figure 6.10). For exam ple, increasing viscosity by 30 P a  s can 
increase th e  pressure loss by 29% a t a  discharge ra te  of 8 1/s for 5-in. (127 mm) pipes.
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For the same increase in viscosity at a higher discharge rate of 16 1/s, the pressure loss 
increases by 49%. This can be attributed to the increased viscous dissipation and in­
terparticle friction [5, 6], leading to higher flow resistance and thus higher pressure loss. 
The obtained correlation between pressure loss and viscosity is in good agreement with 
a previous study conducted on SCC by Feys in 2009 [1]. However, the correlations pre­
sented in the literature [1] slightly under estimate the pressure loss for a given viscosity 
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F igure  6.10: Relationship between viscosity and pressure loss for SCC and H W C  
mixtures at different discharge rates using (a) 4-in. (102 m m) pipes, and (b) 5-in. 
(127 m m) pipes.
The empirical correlations (displayed in Figures 6.10a and 6.10b) coincide well with
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the analytical correlations between viscosity and pressure loss (section 5.11.1). In both 
approaches, viscosity increases with pressure loss at a given discharge rate. On the other 
hand, a slight overestimation of the pressure loss by the analytical correlation can be 
reported in most cases. For example, the pressure loss reading in 5-in. (127 mm) pipes 
for a concrete viscosity of 40 Pa s and a discharge rate of 1G 1/s is 43 kP a/m  from the 
empirical correlation (Figure G.lOa), in contrast to 48 kPa/m  from the analytical model 
for given lubrication layer properties (Table 5.1). This difference can be justified by the 
non-linear relationship between the pressure loss and viscosity in the analytical study, 
especially at high discharge rates.
Comparing Figures G.lOa and G.lOb signifies the influence of the pipe diameter on 
pressure loss. For a given viscosity and discharge rate, pressure loss can be reduced by 
more' than 50% by increasing the pipe diam eter by 1 in. (25.4 mm) from 5 in. to 4 in.. 
This can be rationalized by the theory that increasing the pipe diameter reduces the flow 
velocity, resulting in lower energy dissipation and consequently lower pressure loss. From 
a different, angle, the stability of the pumped mixture is another param eter to consider 
when selecting the pipe size as the risk of segregation or phase separation increases by 
increasing the flow velocity or reducing the pipe diameter.
Unsurprisingly, in CVC, unlike SCC and HWC, pressure loss exhibits a weak depen­
dency on viscosity. Because the flow pattern of CVC is such tha t the concrete remains 
unsheared, the effect of yield stress dwarfs th a t of viscosity.
Yield stress
Figures 6.11a and G .llb  present pressure loss as a function of yield stress a t different 
discharge rates for various mixtures investigated throughout the experimental program. 
Relative to viscosity, yield stress does not exhibit a significant influence on pressure loss 
in SCC and HWC. Nevertheless, increasing yield stress will likely increase pressure loss 
slightly at a given discharge rate. This observation is consistent with the results of the 
analytical correlation between pressure loss and yield stress (section 5.11.1) for higlily- 
flowable concrete. Physically, the weak correlation between yield stress and pressure loss 
can be explained by the relatively low yield stress of SCC and HWC. It is this physical 
characteristic th a t causes the concrete section to be sheared across the pipe, allowing 
viscosity rather than yield stress to govern the displacement.
Relative to the literature on the subject [l], this investigation was not able to find 
a substantial correlation between the yield stress and pressure loss through either the 
analytical model or the experimental program.
In CVC, unlike in SCC and HWC, yield stress greatly influences pressure loss, as 
depicted in Figure G .llb. This is justified by the relatively high yield stress of CVC 
which results in a large section of unsheared concrete across the pipe. Consequently, the 
energy needed to initiate movement of the concrete along the pipes is primarily governed 
by yield stress. The firm correlation obtained between yield stress and pressure loss are 
in agreement with the previous findings of Kaplan [2]. It should be noted here tha t only 
three CVC mixtures were tested in this phase, and tha t the number of da ta  points are 
insufficient to make further statem ents for CVC at this stage of the pumping operation.
To conclude, the flow patterns of CVC and both SCC and HWC reflect the different 
relationships between the rheological properties of concrete and pressure loss. The most
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F igure  6.11: Relationship between yield stress and pressure loss at different dis­
charge rates using 5-in. (127 mm) pipes for (a) SCC and HWC mixtures, and (b) 
CVC mixtures.
6.10.2 Tribological properties of concrete and pressure loss
To best illustrate  the  influence of tribological properties on pressure loss, Figures 6.12 
and 6.13 present pressure loss a t different discharge rates as a function of Itribn , I tr ib rn, 
and Itribfot of the  concrete (see section 5.7 for definition). T he figures display cogent 
correlations between the  tribological properties and pressure loss a t different discharge 
rates. In the  case of SCC and HW C, the pressure loss increases w ith I tr ib n , as indicated in 
Figure 6.12a. Since Itribn  is a  p roduct of the  viscosity-to-thickness ratio  of the  lubrication 
layer, an increase in Itribn  can be a ttr ib u ted  to  an  increase in viscosity (an d /o r) a 
reduction in thickness. In either case, the  pressure loss will increase as proven by the 
analytical model detailed in section 5.11.2.
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F igure 6.12: Relationship between pressure loss and (a) Itribu, (b) Itribco, and (c) 
Itribfot, at different discharge rates using 5-in. (127 mm) pipes for SCC and HWC 
mixtures.
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Similarly to increasing Itribu, increasing I tr ib co increases pressure loss (Figure 6.12b), 
which can be justified in light of the strong relationship between viscosity and Itribco, as 
described earlier in equation 5.20. In essence then, an increase in It.ribco can be translated 
into an increase in concrete viscosity, leading to a higher pressure loss.
Lastly, Figure 6.12c demonstrates a strong correlation between I tr ib tot and pressure 
loss. As Itribtot comprises both the effects of the sheared concrete section and lubrication 
layer, an increase in I tr ib M can be related to an increase in the flow resistance of either 
concrete or the lubrication layer. For example, in concrete, as in the lubrication layer, 
increasing viscosity increases flow resistance and thus pressure loss (sections 5.11.1 and
The scenario changes in CVC due to its low dependency on viscosity, which is trans­
lated into a weak correlation between Itribco and pressure loss. On the other hand, solid 
correlations are obtained between both Itribu  and I tr ib tot and pressure loss (Figures 6.13a 
and 6.13b).
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F igure 6.13: Relationship between pressure loss and (a) Itribu, and (b) Itribtot, a t  
different discharge rate using 5-in. (127 mm) pipes for CVC mixtures.
An increase in Itribu  or Itribtot results in an increase in pressure loss. Knowing that
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t he concrete section is not sheared, this phenomenon can only be explained by either an 
increase in the flow resistance of the lubrication layer or a drastic increase in yield stress 
of the concrete.
To conclude, for SCC and HWC, all three tribological param eters dem onstrate firm 
correlat ions with pressure loss. Itr ibco (which is a function of concrete viscosity) showed 
slightly a higher coefficient of determination ( R2) than the Itr ibu and I tr ib tol. In the 
e;ise of CVC, strong correlations are obtained between only Itribu and Itribtot, and 
pressure loss, whereas a weak relationship exists between Itribco and pressure loss. Since 
/ tribro and Itribu present the unique contribution of the concrete1 and lubrication layer 
on concrete flow resistance, the effect of the lubrication layer and concrete on pressure 
loss can be assessed independently by means of Figures 6.12a and 6.12b. In addition, 
the influence of different mix design param eters on the tribological properties can be 
optimized to minimize the pressure loss. Further investigations concerning this m atter 
are discussed in detail in Chapter 7.
6.10.3 Fresh properties o f concrete and pressure loss
As established in the preceding sections, the rheologieal properties of concrete are key 
param eters tha t determine pumping pressure loss. Equally, the same properties govern 
to a significant extent the fresh properties of concrete. From this perspective, the goal 
of the following sections is to establish correlations between the fresh properties and 
pressure loss. As a consequence of these correlations, simple test methods, typically used 
to assess the fresh properties of concrete, will be employed as satisfactory measurements 
to estim ate the pressure loss.
V - f u n n e l
The flow time measured in the V-funnel tests (of SCC and HWC mixtures) reveals a 
strong relationship with pressure loss, as presented in Figure 6.14. The pressure loss 
increases as V-funnel time increases for a given discharge rate. This correlation can be 
justified in view of the good relationships between the V-funnel time and viscosity and 
tribological properties of concrete. As shown in Figure 6.15a, an increase in the V-funnel 
time indicates an increase in the viscosity, resulting in an increase in the pressure loss.
From a different aspect, the increase in the pressure loss with the V-funnel time 
can be justified by the positive correlations between the V-funnel and the tribological 
param eters Itribu , I tr ibco, and I tr ib tot (Figure 6.15). An increase in the V-funnel time 
can be translated into an increase in Itribu , I tr ibco, or Itribtot, which in turn  leads to an 
increase in the pressure loss, as pointed out in the previous section.
As a result, the solid correlation between pressure loss and V-funnel tim e validates 
the use of the V-funnel test as substitute to a complex rheologieal or tribological mea­
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F igure  6.14: Relationship between the V-funnel time and pressure loss at different 
discharge rates for (a) 4-in. (102 mm) pipes and (b) 5-in. (127 m m) pipes for SCC  
and H W C mixtures.
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Figure 6.15: Relationship between V-funnel and (a) viscosity, (b) Itribu, (c) Itribco, 
and (d) Itribtot. measured at the end of the second pumping cycle for SCC and HWC 
mixtures.
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Slump
In the case of CVC, a significant correlation was found between the pressure loss and 
slump (Figure 6.16) however, in the case of SCC and HWC, no substantial correlation 
was found. This is expected as the flow properties of CVC are highly dependent on yield 
stress that basically governs the slump test. As illustrated by Figure 6.16, an increase in 
the slump results in a reduction in the pressure loss at a given discharge rate. Applying 
this to SCC does not deliver accurate results because the flow properties of SCC are 
primarily related to viscosity rather than yield stress.
The literature on the subject contains a number of studies that employ the use of 
slump test as a simple method to predict the pressure loss for CVC [2, 7]. Despite the 
widespread use of this method to determine pumping pressure, unrealistic values can be 
obtained when applied to highly-flowable concrete (see section 4.3 for more details).
In view of the above discussion, it suffices to say that the slump test is an excellent 
and simple way to estimate pressure loss of CVC, but due to fundamentally different 
flow properties, it is not applicable to SCC. Rather, the V-funnel test can be used as an 
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F igure  6.16: Relationship between the slump and pressure loss o f CVC mixtures 
at different discharge rates in 5-in. (127 m m) pipes.
6.11 S tatistica l m odels to  predict pressure loss
6.11.1 Rheology and tribology
The empirical study previously outlined demonstrates that viscosity and Itribu  hold 
significant sway over the pressure loss of SCC and HWC. In order to furnish a quantitative 
description of these effects, a statistical approach using multiple regression analysis was 
undertaken. By means of the statistical analysis, the unique contribution of Itribu  and 
viscosity on the pressure loss can be disclosed. In addition, the analysis provides a tool 
to forecast how a particular change in these parameters would affect pressure loss. The
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multiple regression analysis was performed using SPSS software with a confidence limit 
of 95%, indicating a probability value lower than 5%. The analysis was performed for two 
pipe diameters, considering the pressure loss as the dependent variable while viscosity 
and Itribu as the independent variables. An outcome of this study is a model expressing 
the pressure loss as a function of viscosity and Itribu, discharge* rate, and pipe diameter 
(equations 0.3 and 0.4). The results of the regression analysis are listed in Tables 0.1 and 
0.2, and discussed in the following sections.
Coefficient of determ ination ( I t 2)
The values presented in column 1 (in Tables 0.1 and 0.2) show tha t the statistical model 
is established with a high coefficient of determination (R 2 = 0.09 for 5-in. (127 mm) 
pipes and R 2 =  0.85 for 4-in. (102 mm) pipes), indicating a high correlation between the 
measured values and the predicted ones.
M odeling
The weight of the independent variables (viscosity and Itribu) are presented in column 
3. By means of these values, the dependent variable (pressure loss) can be modeled as 
a function of the independent variables (// and Itribu ), as presented in equations 0.3
and 0.4. The viscosity and Itribu are ranked as significant influential param eters as their
corresponding probability values (in the significance column 4 ) are considerably lower 
than 5%.
For 5-in. (127 mm) pipes:
A p = <2(0.058 fi + Itribu x f i r 1 -  0.038) (0.3)
For 4-in. (102 mm) pipes:
Ap = <2(0.133//, +  Itribu x l ( r :i -  0.914) (0.4)
where
Ap: pressure loss per unit length of pipe (kPa/m )
Q: discharge rate (1/s)
f i :  viscosity of concrete (Pa s)
Itribu'. viscous constant (Pa s/m )
Part and partial values
The partial values presented in column 7 refer to the correlation between the dependent 
variable (pressure loss) and the independent variables (viscosity and Itribu). For example, 
for the 5-in. (127 mm) pipes, the partial value of viscosity is 0.53, denoting th a t 53% of 
the variation in the pressure loss is accounted for by viscosity after Itribu has been held 
constant (see Figure 6.17a). Similarly, the partial value of Itribu is 0.20 implying tha t if 
viscosity is held constant, 20% of the variation in the pressure loss is induced by Itribu- 
By comparing the partial values of viscosity and Itribu , it can be deduced tha t viscosity
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holds a greater influence over pressure loss. The semi-partial (or part) values presented 
in column 8 provide another statistical measure th a t describes the unique contribution of 
each variable to the dependent variable. For example, for the 5-in. (127 nun) pipes, the 
part value of viscosity is 0.35, indicating that 35% of the variat ion in the pressure loss 
is accounted for by the viscosity uniquely (after the interaction between viscosity and 
Itribu  is partialled out), as presented in Figure 6.17b. Similarly, the unique contribution 
of Itribu is 0.08, indicating tha t 8% of the variation in the pressure loss is uniquely 
accounted for by Itribu■ The unique contributions of both viscosity and Itribu clearly 








Figure 6.17: Sketch of (a) partial value and (b) part value of viscosity for the 
pressure loss in 5-in. (127 nun) pipes.
By comparing the part values of viscosity and Itribu for 5-in. pipes (in column 8, 
of Tables 6.1 to their counterpart values for 4-in. pipes in Table 6.2), it can be deduced 
tha t the influence of Itribu increases with decreasing pipe diameter, while the effect of 
viscosity remains almost constant regardless of the pipe size. The increased importance 
of Itribu with smaller pipes can be attributed to the sharp changes in the flow velocity, 
leading to significant changes in the properties of the lubrication layer (see section 5.11.4).
M ulticollinearity and quality o f fit diagnose
Because viscosity and Itribu are interrelated, it is im portant verifying whether their 
relationship affects the precision of the statistical model. This problem (called multi­
collinearity), can be verified by the collincarity statistics presented by the tolerance and
Table 6.1: Results of the regression analysis used to calculate the pressure loss in 























Constant -0.038 0.79 -0.32 0.24
0.69 Viscosity 0.058 2.7E-42 0.05 0.06 0.53 0.35 0.82 1.21
Itribu 3E-4 9.4E-14 2. IE-4 3.6E-4 0.20 0.08 0.82 1.21
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Table 6.2: Results of the regression analysis used to calculate the pressure loss in 






























Constant -0.914 3.5E-5 -1.341 -0.487
0.85 Viscosity 0.133 8.8E-75 0.123 0.143 0.72 0.41 0.87 1.15
Itribu 0.001 2.7E-39 0.001 0.001 0.49 0.15 0.87 1.15
the variance' inflation factor (VIF) in columns 9 and 10, respectively. A tolerance value1 
loss than 0.01 and VIF greater than 10, are both signs of inulticollincarity. Fortunately, 
all reported tolerance and VIF values are within the ae'cepted limits, indicating tha t the 
correlation between viscosity and Itribu  does not affect the pree'isiem erf the moelel.
Another worthy precaution is to assess the "quality of fit" erf the elerive'd me>elels. A 
mealed may fit well but poorly estim ate the independent variable, or in another case, it 
may fit poorly but estim ate the independent variable correctly. Therefore, it is impor­
tan t te> verify whether the model predicts the d a ta  accurately. To do this, the predicted 
pressure loss values, calculated by the prediction model (from the rheologieal and tri­
bological properties of tested mixtures), are p lotted  versus the corresponding readings 
of the pressure sensors (Figure G.18). The high coefficients of determ ination of the rela­
tionships (presented in Figure 6.18) between the predicted and measured pressure losses 
(R2= 0.90 for 5-in. (127 mm) pipes, and R 2= 0.92 for 4-in. (102 mm) pipes) dem onstrate 
the accuracy of the prediction model and the high "quality of fit".
To summarize, the pressure loss can be predicted through the derived statistical 
model on the basis of the rheologieal and tribological properties of concrete, for a given 
discharge rate and pipe diameter. Both viscosity and Itribu play a consequential role on 
pressure loss. Viscosity holds the highest influence regardless of the pipe size (62% higher 
effect than Itribu for 5-in. pipes and and 32% for 4-in. pipes), whereas the influence of 
Itribu increases with decreasing the pipe size.
It is noteworthy tha t the models are delivered for SCC and HWC with viscosity and 
slump How falling in the ranges of 22-200 Pa s, and 350-850 mm, respectively. Apply­
ing the models to concrete with a slump flow out of this range may result in different 
estimation of the pressure loss.
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F igure  6.18: Measured pressure loss versus predicted pressure loss calculated for 
equations 6.3 and 6.4 for (a) 5-in. (127 mm) pipes and (b) 4-in. (102 mm) pipes.
6.11.2 V-funnel
As demonstrated in section 6.10.3, V-funnel time is well correlated with pressure loss. 
With this correlation as an input, a multiple regression analysis was performed to estab­
lish a statistical model able to compute the pressure loss based on the V-funnel test. The 
regression analysis was executed with a confidence limit of 95% and the high coefficients 
of determination (R 2 =  0.81 for 5-in. pipes and R 2 =  0.84 for 4-in. pipes) presented
in Tables 6.3 and 6.4 indicate a strong correlation between the measured values and the
predicted ones. Pressure loss as a function of V-funnel time and discharge rate for 5-in. 
(127 mm) and 4-in. (102 mm) pipes is given by equations 6.5 and 6.6.
For 5-in. (127 mm) pipes:
A p  =  <2(0.36 VF +  0.56) (6.5)
For 4-in. (102 mm) pipes:
A p  =  Q(0.93 VF +  0.34) (6.6)
where
Ap: pressure loss per unit length of pipe (kPa/m)
Q: discharge rate(l/s)
VF: V-funnel time (s)
The model given by equations 6.5 and 6.6 can be considered another practical ap­
proach to predict pressure loss on job sites. The high coefficient of determination (R 2 =  
0.81 for 5-in. pipes and R 2 — 0.84 for 4-in. pipes) demonstrates a significant correlation 
between the predicted and measured values of pressure loss.
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Table 6.3: Results of the regression analysis used to calculate the pressure loss in 
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0. 37 0.90 0.90 1.0 1.0
Table 6.4: Results o f the regression analysis used to calculate the pressure loss in 
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0.97 0.91 0.91 1.0 1.0
In order to assess the "quality of fit", the pressure losses calculated by equations 6.5 
and 6.6 are plotted versus the corresponding pressure losses measured directly by the 
pressure sensors (Figure 6.19). The high coefficients of determ ination (R 2 =  0.92 for 
5-in. pipes and R 2 =  0.90 for 4-in. pipes) shown in Figure 6.19 exemplifies the firm 
correlation between the predicted and measured values, indicating a high "quality of fit".
Reflecting on the above discussion, it can be concluded tha t pressure loss for SCC and 
HWC can be predicted using the V-funnel model in two types of pipes. This provides 
a practical approach to determine the pressure loss on job sites without the need for 
complex rheologieal and tribological properties.
6.11.3 CVC m odelization
Since only three CVC mixtures were tested, the data  points were insufficient to run a 
regression analysis th a t predicts the pressure loss with satisfactory accuracy. Helpful, 
in this connection, are several studies presented in the literature th a t use of the slump 
to determine the pressure loss [2, 7, 8], Also, the empirical relationships executed on 
Figure 6.16 can be favorably used to determine the pressure loss of CVC. In the presented 
relationships, the yield stress of the tested mixtures falls within the range of 300-3500 
Pa. Accordingly, changing the range of the yield stress may lead to inaccurate pressure 
loss estimation.









F igure  6.19: Measured pressure loss versus predicted pressure loss calculated using 
equations 6.5 and 6.6 for (a) 5-in. (127 mm) pipes and (b) 4-in. (102 m m) pipes.
6.12 C hanges in concrete properties due to  
pum ping
Pum ping is considered a pressurized flow causing various changes in concrete proper­
ties. These changes are related to  several param eters including th e  m agnitude of the 
applied pressure, concrete mix com position, and pum ping duration. The m ost significant 
changes in concrete properties observed throughout the pum ping tests  are addressed in 
the following sections.
6.12 .1  T em perature
T he concrete tem peratu re  in pum ping pipes was m onitored continuously throughout 
testing. The tem peratu re  increase per un it of tim e (°C /m in) was determ ined a t each 
discharge rate , and the tem peratu re  of the pum ped concrete samples was m easured a t 
th e  end of each pum ping cycle. As shown in Figure 6.20a, tem peratu re  increases over 
th e  pum ping cycles because part of the  mechanical energy applied to  m aintain  the  flow is 
converted into heat. This can be a ttr ib u ted  to  the viscous dissipation and the  in terparticle 
friction during flow [5, 6]. Figure 6.20b indicates th a t the ra te  of tem pera tu re  increase is 
linearly related to  the  pressure loss and  th a t the  ra te  is more pronounced a t high pressure 
losses. At low pressure losses, th e  ra te  can be very low, and  even negative in some cases 
due to  low tem peratu res in the pum ping laboratory. Even though it is believed th a t 
th e  ra te  of tem peratu re  increase is strongly related to  m ixture com position, there were 
no indication of relationships w ith any other param eter besides pressure loss. However, 
a  general trend  can be observed between aggregate content and concrete tem peratu re  
during pum ping, as shown in Tables B.16 and B.18; m ixtures w ith higher aggregate 
contents exhibited higher tem peratu res during pum ping. This is expected as higher 
aggregate content leads to  more solid-solid interactions and consequently greater heat
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F igure 6.20: (a) Temperature changes over the pumping cycles for several concrete 
mixtures, (b) Example o f temperature increase rate at different pumping cycles as 
a function o f the pressure loss for HWC3. The temperature was measured with a 
thermal sensor located near sensor 1.
dissipation. Nevertheless, this is not a universal rule since tem pera tu re  can evolve in 
different directions depending on o ther param eters, particu larly  w /c m , HRW RA dose 
and type, and cem ent type [9]. T he area of research to  reveal the  m utual interactions 
between tem peratu re  and pum ping is still open for investigation.
6 .12 .2  A ir con ten t
Air content is a  key factor affecting the  rheologieal properties of concrete and can be 
the  cause of several properties changes during pum ping. T he air content was determ ined 
for all pum ped m ixtures a t the  end of each pum ping cycle (Table B.19). Illustrative 
exam ples of variation in air content (m easured as described in 7.3.1) during the  pum ping 
cycles are presented in Figure 6.21. Indistinct fluctuations in air content due to  pum ping 
can be observed, bu t the general trend  is an  increase in air content due to  pumping.
Previous researchers a ttr ib u ted  the  increase in air content to  th e  incom plete filling of 
th e  pum p cylinders during pum ping [1]. It follows th a t the  unfilled space consists of air 
th a t, when pum ped, mixes up w ith concrete pushed through th e  pum ping pipes. A nother 
reason could be th a t when concrete falls back inside the  pum p reservoir, new air bubbles 
get trapped  and  mixed w ith the  concrete [1]. On the  o ther hand, the  reduction in air 
content, in certain  cases, can be a ttr ib u ted  to  the dynam ic air-bubbles dissolution caused 
by the  increasing pressure during pum ping [10]. W hen the  pressure increases, the  sm aller 
bubbles are dissolved into nearby w ater droplets. W hen the pressure becomes lower (close 
to  the exit of the hose), the  small pressurized air bubbles, which have not been fully 
dissolved, appear mainly as larger bubbles [10], which can easily escape from the m ixture 
resulting in a reduction in the  air content. Officially, the  real cause behind the  changes 
in air content during pum ping is uncertain. A dditional analysis on such param eters as 
air bubble size and d istribu tion  is required. U nfortunately, none of these analyses were 
perform ed in th is investigation as they are unrelated to  the  project objectives.
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F igure 6.21: Example o f the changes in air content during pumping for various 
concrete mixtures.
6 .12 .3  R h eo logy
D eterm ining the changes in the  rheologieal properties of concrete throughout pum ping is 
central to  understanding  the  evolution of pressure loss during pum ping. In consequence, 
viscosity and yield stress of the  pum ped m ixtures were determ ined a t the end of each 
pum ping cycle. T he changes were evaluated during only the  first 4 pum ping cycles for 
two reasons: the  first because not all m ixtures underw ent 5 pum ping cycles, and  the 
second because certain  m ixtures tested  a t cycle 5 exhibited a  sharp loss of workability 
uncharacteristic of th e  o ther cycles, as presented in Tables B.17-B.20. For example, SCC2 
showed a slum p flow loss of 505 mm  (from 815 to  310 mm) between the  first and  last 
pum ping cycle, while SCC4 displayed only a  loss of 35 m m  (from 680 to  635 mm ). A 
possible explanation for th is could be the decline of the  HRW RA dispersing action over 
tim e for certain  m ixtures.
As a  general sta tistica l indicator of the  overall trend, average viscosity and  yield 
stress of all m ixtures were calculated for each pum ping cycle. Changes in rheologieal 
properties of all pum ped m ixtures a t the  different testing stages can be found in Tables 
B.21 and B.22.
V i s c o s i t y
T he general tendency for concrete viscosity is to  decrease w ith each pum ping cycle (Fig­
ure 6.22a). By the  end of pum ping cycle 4, the average viscosity of all pum ped m ixtures 
had decreased by 24% relative to  the  average viscosity a t the  end of cycle 1 (Figure 6.22b). 
There exist several possible explanations for th is behavior. The first a ttr ib u tes  th is re­
duction to  the high shear effect th a t takes place in th e  pum ping pipes and th a t magnifies 
the  effect of s tru c tu ra l break-down. T he second explanation relates th e  decrease in vis­
cosity to  the  changes in air content and bubble d istribu tion  w ithin concrete th roughout 
pum ping [1].
Researchers weigh the  influence of air bubbles by the capillary num ber defined by 
the  ratio  of the  shearing forces on the  air bubbles to  the surface tension forces [11].
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F igure  6.22: (a) Evolution o f viscosity over 4 pumping cycles for several concrete 
mixtures; (b) average viscosity o f all tested mixtures at the end o f each cycle.
At high capillary numbers, the bubbles deform in the flow zone and the flow resistance 
declines, and at low capillary numbers, the bubbles remain spherical resulting in higher 
flow resistance. The larger the amount of bubbles, the greater is the influence. Under the 
high shear effect induced in the pumping pipes, air bubbles are more likely to deform, 
forming smaller air bubbles [1]. Considering this phenomenon, the decrease in viscosity 
during pumping can be justified by the (potential) increase in small air bubbles generated 
within the pumped concrete. This provides a theoretical explanation, but ultimately, 
more specific analysis is required to validate the theory for the relationship.
A final explanation interpreting the viscosity reduction can be related to the temper­
ature increase due to pumping. Previous studies concluded that a drop in temperature 
usually decreases yield stress and substantially increases viscosity of mortars with PC- 
based HRWRA [12]. Also, from a workability point of view, a temperature increase 
enhances the fluidity of cement pastes [13] due to an increase in the Brownian motion of 
the particles, weakening the interactions between the agglomerates [14].
Ideally, the initial reduction in viscosity caused by the structural break-down effect 
should be followed by a dramatic increase after a certain duration of pumping, as the 
loss of workability should eventually take over the structural-break down effect. Oddly 
enough, some mixtures showed a continuous reduction in viscosity throughout the entire 
pumping experiments. This contrary behavior can be attributed to the high dose of 
HRWRA used for certain mixtures.
In the case of CVC, the changes in viscosity are considerably less evident than those 
of SCC (Table B.22). This is expected as the effect of viscosity is less significant in the 
CVC’s unsheared medium.
Yield stress
As shown in Figure 6.23a, yield stress tends to increase due to pumping for the majority 
of the three types of concrete. This increase is significant in certain mixtures, while it is 
less pronounced in others. As shown in Figure 6.23b, the average yield stress of the tested 
mixtures increases by around 78% over the 4 pumping cycles. Although a general trend
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of increasing yield stress is observed, special consideration should be given to analyze the 
results as the increase in yield stress varies from extreme to insignificant in the pumped 
mixtures.
Since yield stress is a function of energy, a possible explanation of the increase in 
yield stress can be related to the shear history that concrete accumulates during pumping. 
In each pumping cycle the shear effect that concrete undergoes, adds to the shear history 
that the concrete has accumulated to that point. Eventually, this accumulation leads to 
an increase in the yield stress of concrete. Generally, the higher and longer the shear 
effect, the greater is the energy needed to overcome yield stress.
Another possible cause could be the temperature increase associated with pumping, 
which can result in an increased yield stress. The chemical composition of the cement, and 
the type and dose of HRWRA interfere strongly into the changes in yield stress under 
different temperatures. These effect have been proved on concrete mortars, especially 
when PC based-HRWRA is used [12].
Another possible explanation for the increase in yield stress can be attributed to the 
significant increase of small air bubbles within the pumped concrete. Since the yield stress 
test is performed under low shear effect, the air bubbles are prone to remain spherical 
resulting in a lower capillary number and thus higher flow resistance [1] (as pointed out in 
the previous section). It should be noted here that the effect of air content on yield stress 
can be countered by the structural-breakdown, and thus the change in yield stress depends 
on which effect dominates [1], In the case where structural-breakdown dominates, the 
yield stress should decrease, whereas in the case where air content prevails, the yield 
stress should increase. This can be a possible explanation of the decrease in yield stress 
for certain mixtures, as presented in Table B.22.
To summarize, the dominant rheologieal properties relate to pumping duration, de­
pending on the type of concrete used. SCC and HWC mixtures experience a significant 
reduction in viscosity and in most cases an increase in yield stress with pumping dura­
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F igure  6.23: (a) Evolution o f yield stress over 4 pumping cycles for several concrete 
mixtures; (b) average yield stress o f all tested mixtures at the end o f each cycle.
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less significant in oilier mixtures. CVC exhibits a substantial increase in yield stress and 
a minor increase in viscosity with pumping duration. Different theoretical justifications 
for these changes in connection with changes in tem perature and the air void system 
were explained. The door of research to further understand these effects is open to 
investigation.
6.12.4 Tribology
Changes in the tribological properties of concrete are intertwined with the changes in 
concrete viscosity and those in viscosity and thickness of the lubrication layer. As these 
changes can evolve in different directions throughout pumping, the tribological properties 
become dictated bv the most dominating change.
Tin1 changes in the tribological param eters for several mixtures throughout the 4 
pumping cycles are presented in Figures 0.24a, 6.24c, and 6.24e. Illustrative examples 
of the changes in the average values of Itribu, It.ribco, and Itr ib tol calculated at each 
pumping cycle are presented in Figures 6.24b, 6.24d, and 6.24f, respectively. As shown 
in Figure 6.24b, Itribu increases by approximately 21% by the end of cycle 3, and drops 
drastically after this point. The initial increase can be justified by the correlation between 
the properties of concrete and those of the lubrication layer. As detailed in section 5.11.3, 
continous pumping reduces concrete viscosity, which in turn increases the viscosity of 
the lubrication layer, and consequently, increasees Itribu. Despite this evidence, the 
real reason behind the decrease (or in some cases increase) in Itribu  a t cycle 4 remains 
inconclusive. It could be tha t the ability of concrete to form a lubrication layer in the 
tribom eter subsides over time due to successive pumping cycles. As a result, precisely 
measuring Itribu  in the tribom eter a t cycle 4 would become more difficult and even less 
representative of the real case in pumping pipes where the lubrication layer has already 
been formed during previous pumping cycles.
Unlike Itribu, I tr ib co shows a steady reduction during the first 3 pumping cycles, 
but it tends to increase riming cycle 4 (Figure 6.24c). The Itribco average decreases by 
around 66%) during the first 3 pumping cycles. This is expected as Itribco is directly 
related to the viscosity of concrete, which also decreases with pumping. On the other 
hand, the increase in It.ribco during the last pumping cycle can be attributed to the loss 
of workability resulted from prolonged pumping.
Likewise, It.ribtnt decreases throughout the first 3 pumping cycles and increases dur­
ing the final cycle (Figure 6.24e). The Itr ib tol average decreases by around 7% by the end 
of cycle 3 but sharply increases at the last cycle (Figure 6.24f). Given tha t Itribtot is a 
function of Itribu and It.ribco, the reduction in Itr ih lot with pumping can be justified by 
the reduction in concrete viscosity, while its increase can be rationalized by the increase 
in Itrib,.,,.
Reflecting on the previous discussion, it can be concluded th a t the changes in tribo­
logical properties of concrete can evolve in different directions depending on the changes 
in rheologieal properties of concrete and those in the lubrication layer. Generally, Itribu  
is prone to  increase whereas Itribro and Itr ib tot tend to decrease with pumping. It must 
be kept in mind tha t these changes yield significant effects on pressure loss. They are 
therefore critical to consider in the mix design phase to prevent any undue pressure loss.
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Further investigations concerning the effects of mix design parameters on tribological 
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F igure  6.24: Examples o f changes in (a) Itribu, (c) Itribco, and (e) Itrib tot over 4 
pumping cycles; average values o f (b) Itribu, (d) Itribco, and (f) Itribtot.
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6.13 Comparison of pum pability of different types 
of concrete
Given tha t SCC and CVC display different flow patterns when pumped, changes in their 
rheologieal properties due to pumping interfere differently in their flow characteristics. 
The primary changes for both typos of concrete due to pumping can be mainly described 
by viscosity reduction and yield stress augmentation. Since one of these param eters is 
vital to the flow of one type of concrete and minor to the other, different pressure loss 
behaviors can be detected throughout pumping.
Figure 6.25 exemplifies the time evolution of pressure loss over the 5 pumping cycles 
a t different discharge rates for SCC, HWC, and CVC. For SCC, in most cases pressure 
loss decreases continuously at the beginning, while1 it tends to increase1 in the end eluring 
cycles 4-5 (Figures 6.25a, 6.25d, and 6.25g. The increase in pressure1 loss (after a certain 
number of pumping cycles) varied 111 the terstexl mixtures from high (SCC2) to insignificant 
(SCC18), as indicated in Figure 6.25. Moreover, the time (err pumping cycle) a t which 
this increase in pressure loss occurs changed from a mixture to another. For certain 
mixtures, this increase started  at an early stage during pumping (for example at cycle 3 
for SCC2), while it started  at later stages in other mixtures (at cycle 4 for SCC 16). Since 
viscosity decreases due to pumping during all pumping cycles, the reduction in pressure 
loss during the early cycles can be justified by the reduction in viscosity. On the other 
hand, a possible cause of the increase in pressure loss at the last pumping cycles can 
be attribu ted  to the changes in tribological properties during the last pumping cycle, as 
discussed in the previous section.
The reduction in the viscosity of SCC due to pumping is not infinite. At a certain 
stage, viscosity starts to increase when the loss of workability begins to take over. The 
point at which this occurs depends 011 several aspects related to the mix design, type of 
HRWRA, type and content of the binder in use. Further explanations concerning the 
effect of concrete constituent materials 011 the rheologieal properties and pressure loss 
during pumping are discussed in Chapter 7.
For the tested CVC mixtures, the scenario changes since the yield stress is the most 
influential param eter 011 pressure loss. The sharp increase in yield stress due to pumping 
leads to an increase in pressure loss, as presented in Figure 6.25b, e, and h.
In the case of HWC, the time evolution of pressure less tim ing pumping seems to be 
less intense than those in SCC or CVC, as shown in Figure 6.25c, 6.25f, and 6.25i. In 
most cases, especially a t low discharge rates, the pressure loss displays a slight change 
during the {jumping cycles. The less significant changes in the pressure loss of HWC can 
be rationalized by the nature of its flow, in which both viscosity and yield stress can 
play a significant role. The reduction in pressure loss caused bv the decrease in viscosity 
could be countered by the increase in pressure loss resulted from the reduction in the 
yield stress, leading to a more or less constant pressure loss. In this context , the changes 
in the pressure loss can be explained by the dominant effect of one of these param eter 
over the another.
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F igure  6.26: Illustrative example o f the discharge-pressure loss relationship for (a) 
SCC4 and (b) CVC2 in 4-in. (102 mm) pipes at different discharge rates.
The divergence between SCC and CVC extends also to  the  relationship between the 
pressure loss and discharge rate. In the case of CVC, a linear relationship was found 
while for SCC a slightly non-linear one th a t balances out for high discharge rates was 
found (Figure 6.26).
In conclusion, the  behavior of SCC and CVC due to  pum ping varies notably because 
of their vastly different flow patterns. Generally, in SCC viscosity decreases resulting in 
a reduction of the  pressure loss, whereas in the  case of CVC yield stress increases leading 
to  an increase in pressure loss. For HW C, bo th  effects of increasing yield stress and 
decreasing viscosity intervene in the  changes of pressure loss, resulting in less significant 
changes.
As a  result of th e  above discussion, it can be deduced th a t SCC favors long-distance 
pum ping (such as in high-rise constructions) since the  reduction in viscosity during pum p­
ing is accom panied by a reduction in pressure loss. However, stab ility  can become a cru­
cial concern for SCC and HW C if viscosity reduces significantly, and yield stress does not 
increase sufficiently to  m aintain  proper consistency of the  pum ped m ixture [1]. P lacing 
em phasis on the increase in yield stress, special care should be taken when pum ping CVC 
for long distances as the risk of blocking is probable due to  the increase in pressure loss 
w ith pum ping.
6.14 T he p ipe flow test
6.14 .1  S cop e
T he em pirical results of the  pum ping tests  dem onstrate th a t the rheologieal and tribolog­
ical properties of concrete are key param eters influencing the  flow behavior of SCC, and 
thus the  pressure loss associated w ith pum ping such type of concrete. D eterm ining these 
properties on job  sites in relation to  the  pressure loss is usually difficult. The proposed 
pipe flow te s t (P F T ) furnishes a simple approach to  assess these properties and correlate
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them  w ith the  pressure loss w ithout the need for complex rehaological and tribological 
m easurem ents.
6 .14 .2  D escrip tion
T he pipe appara tu s consists of a s tandard  steel pum ping pipe w ith an inner diam eter of 4 
in. (102 mm ), a length of 950 mm and two valve gates installed a t the  ends (Figure 6.27). 
T he pipe is placed on 4 ro ta ting  wheels fixed to  a board, allowing the  pipe to  ro ta te  
around its longitudinal axis. The pipe is mobile and  can be lifted and moved by a  single 
operator.
F igure  6.27: The pipe flow apparatus placed on rotating wheels.
6 .14 .3  P rin cip le
T he lubrication layer in pum ping pipes is built and stabilized under the shear effect 
generated by the  pum ping pressure. In order to  induce such a  shear effect in the testing  
pipe, the concrete is subjected to a spinning m otion generated by ro ta ting  the  pipe around 
its longitudinal axis. The generated shear effect enables the  lubrication layer to  form and 
stabilize near the  inner wall of the  pipe. T he newly formed lubrication layer will change 
the  flow behavior (or resistance) of the  concrete in the  pipe. This effect can be evaluated 
by the  tim e th a t a  certain  am ount of concrete takes to  evacuate from the  pipe having 
a fully developed lubrication layer. The m easured tim e (referred to  as th e  flow tim e t f )  
can be related to  the  viscosity of the  tested  concrete and further to  the  pressure loss in 
pum ping pipes.
6 .14 .4  T estin g  procedure
The testing  procedure comprises two phases, the first is dedicated to  forming the  lubri­
cation layer, and the  second is m eant to  evaluate th e  flow properties of concrete w ith the 
newly formed lubrication layer. The two phases are detailed as follows:
• Phase I: Forming the lubrication layer
The objective of this phase is to  form the  lubrication layer through ro ta ting  the 
pipe in a  set of 50 clockwise tim e-controlled ro tation  cycles; this is accomplished 
by the  following steps:
1- Close the  bo ttom  valve.
2- Fill the  pipe w ith concrete up to  a height of 75 cm.
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3- Close the upper gate and place the pipe on the rotating wheels.
4- R otate the pipe around its main axis through 50 time-controlled cycles (1 rota­
tion/second).
5- Remove the pipe from the wheels and set it vertically.
0- Open the valve and wait for 60 seconds until the residual concrete evacuates 
from the pipe.
• Phase II: Evaluating flow
The goal of this phase is to evaluate the How properties of the concrete with the 
presence of the lubrication layer created in phase I:
1- Close the lower valve gate, and without cleaning the pipe, refill it with concrete 
up to the same previous height (75 cm).
2- Open the valve and measure the flow time (t /)  corresponding to the interval 
between the opening of the valve and the moment light appears through the pipe.
3- Relate t j  to the rheoligical and tribological properties of concrete and to the 
pressure loss during pumping.
6.14.5 D evelopm ent of the testing  procedure
The lubrication layer has a dynamic characteristic defined by the time and shear magni­
tude needed to form it. These two aspects in the testing pipe are described bv the number 
of the applied rotating cycles during testing (in Phase I). The number of cycles (50 cy­
cles) was optimized from testing a range of cycles varying from 10 to 400 cycles. Test 
results showed tha t the lubrication layer is fully developed only after a certain number of 
cycles, above which increasing the number of cycles does not significantly change the flow 
time. For example, applying a low number of cycles (below 25) results in an unstable 
or partially developed lubrication layer, delivering inaccurate flow time measurements. 
On the other hand, applying a high number of cycles (above 50) does not considerably 
change the flow time measurements. After several trials using different numbers of cycles, 
it was found tha t applying 50 cycles is adequate to  form and stabilize the lubrication 
layer w ithout significantly prolonging the testing time of the experiment.
6.14.6 M ix design
In total, 14 SCC mixtures covering a wide scope of SCC’s constituent materials and 
viscosities (from 22 to 129 Pa s) were tested. Three control concrete mixtures were 
employed to  establish the single-operator relative error of the measured properties. The 
binder content of the tested mixtures varied from 575 to 686 kg/m'*, while w /cm  from 
0.22 to 0.28. Two binder compositions were used: first, Type GU cement (conforming to 
ASTM C150 [15]) with 6% silica fume replacement (conforming to ASTM C1240 [16]), 
and second, Type GU cement with 6% silica fume and 25% Class C Fly ash (complying 
with ASTM C618 [17]). S /A  of 0.53, 0.5, and 0.59 were used in the tested mixtures. 
A blend of two types of aggregate having MSAs of 10 and 20 mm was used for SCC27- 
SCC38, in addition to a blend of two types of sand (crushed-aggregate sand and dune 
sand). For SCC39-SCC43, coarse aggregate with MSA of 14 mm and sand with maximum 
size distribution of 5 mm were employed. Two types of polycarboxylate-based HRWRAs
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were used. Plastol 5000 was used in SCC27-SCC38 and Epsilon HP 570 was incorporated 
in SCC39-SCC43. Detailed mix designs and compositions of the tested mixtures are 
presented in Tables 6.5 and 6.6.
6.14.7 M ixing and testing procedure
Mixing and testing procedure were carried out as described in section 7.3.4. The pipe 
flow test was performed at several testing ages: 55, 80, and 125 mill after water-eement 
contact time, as presented in Table 6.7.
6.14.8 Test results
Viscosity of the tested mixtures dem onstrates a strong correlation with the flow time 
measured in the testing pipe, as presented in Figure 6.28. The obtained correlation 
signifies the influence of viscosity and the lubrication layer on the flow resistance of SCC 
in pipes, and supports previous research findings presented in Chapter 5. As a main 
asset of the obtained correlation (Figure 6.28), viscosity of the tested concrete can be 
estimated by the flow time (t f )  measured in the testing pipe, providing a practical method 
to evaluate viscosity in the field w ithout the need for complex rheologieal measurements. 
Another application of the obtained correlation is th a t the flow time (t f )  can be indirectly 
linked to the pumping pressure loss, using existing correlations between viscosity and 
pressure loss. The above discussed approach is exemplified in the following exercise. 
E x am p le
W hat is the estim ated viscosity and pressure loss per unit length in 4- and 5-in. pipe 
associated with pumping a concrete a t a discharge rate of 12 l/s, knowing th a t the
concrete showed a flow time of 2.5 seconds in the pipe flow test?
Solution:
a.  From Figure 6.28, for a flow time t f  =  2.5 seconds, viscosity reading is 68 Pa s.
b. From Figures 6.29a and 6.29b, for a given viscosity of 68 Pa s and at a discharge rate
of 12 l/s, pressure loss readings in 4- and 5-in. pipe are 119 and 52 kPa/m , respectively.
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F igure  6.29: Reprint o f Figure 6.10: Relationship between viscosity and pressure 
loss for SCC and HW C mixtures at different discharge rates using (a) 4-in. (102 mm) 
pipes, and (b) 5-in. (127 mm) pipes.
Table 6.5: Mix designs of the mixtures tested in the PFT.














mm k g/m ' k g /m ' k g /m ’ ■ l/m'
SCC27GM 69% 25% 6% 575 375 0.59 45.0% 14,0% - 32.5% 8.5% 8.5% 396.8 143,8 34.5 0.28 3.59
SCC28GM 69% 25% 6% 575 375 0.56 42,7% 13.3% - 34.9% 9.1% 9.1% 396.8 143.8 34.5 0.28 3.36
SCC29GM 69% 25% 6% 575 375 0.53 40.4% 12.6% - 37.3% 9.7% 9.7% 396.8 143.8 34.5 0.28 3.45
SCC31GM 69% 25% 6% 575 375 0.59 45.0% 14.0% - 32.5% 8.5% 8.5% 396.8 143.8 34.5 0.28 3.59
SCC32GM 69% 25% 6% 605 375 0.59 45.0% 14.0% - 32.5% 8.5% 8.5% 417.5 151.3 36.3 0.25 4.86
SCC34GM 94% 0% 6% 618 375 0.59 45.0% 14.0% - 32.5% 8.5% 8.5% 580.9 - 37.1 0.28 4,59
SCC35GM 94% 0% 6% 650 375 0.59 45.0% 14.0% - 32.5% 8.5% 8.5% 611.0 - 39.0 0.25 6,55
SCC37GM 94% 0% 6% 618 375 0.59 45.0% 14.0% - 32.5% 8.5% 8.5% 580.9 - 37.1 0.28 3 91
SCC38GM 94% 0% 6% 600 364 0.59 45.0% 14.0% - 32.5% 8.5% 8.5% 564.0 - 36.0 0.28 4.77
SCC39 94% 0% 6% 618 375 0.52 - - 52% - - 48% 580.9 - 37.1 0.28 5.11
SCC40 94% 0% 6% 618 375 0.53 - - 53% - - 47% 580.9 - 37.1 0.28 5.23
SCC41 94% 0% 6% 618 375 0.53 - - 53% - - 47% 580.9 - 37.1 0.28 5.63
SCC42 94% 0% 6% 618 375 0.53 - - 53% - - 47% 580.9 - 37.1 0.28 5.45
SCC43 94% 0% 6% 618 375 0.53 - . 53% . 47% 580.9 . 37.1 0.28 3.97
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(hrs) 0:15 0:45 1:15 1:45 0:15
SCC'27(iM 745 725 710 710 3.1
S(X28(iM 715 710 710 700 3.6
SeC29GM 720 685 700 695 2.9
SCC3K1M 725 700 700 685 2.8
SCC32(iM 750 740 765 735 3
SCC34(iM 710 645 650 605 2.7
S(’C35CiM 715 680 675 670 4.9
SCC37(iM 705 710 685 695 3.1
SCC38GM 725 700 700 695 2.9
SCX'39 760 660 640 630 2.9
St'C40 750 660 645 620 3.2
SCC4I 760 700 660 640 3.1
SCC42 755 710 680 650 3.0
SCC'43 530 650 770 820 5.3
T-50 (sec) V-funnel
0:45 1:15 1:45 0:15 0:45 1:15 1:45
3.9 3.9 4.4 8.3 8.6 8.9 9.6
3.5 3.2 - 10.2 9.9 10.5 10.4
4 3.6 3.5 10.2 12 12.3 12.2
2.8 3.2 3.2 8.9 8.6 9 9
4.5 3.9 5 12.7 14.7 13.3 15
3.8 3.7 5 7.8 10.3 11.1 14.5
6.5 5.6 5.9 13.9 18.2 17.1 18.4
2.7 2.5 1.9 8.4 9.2 7.4 5.7
3.7 3.0 3.9 9.2 10.9 10.5 12.7
3.1 5.2 8.3 12.1 17.8 15.3 24.8
3.6 4.0 5.3 11.7 16.1 16.0 19.3
3.2 5.4 6.1 10.7 16.0 17.5 20.9
3.4 5.6 7.1 9.2 14.6 14.9 19.2
4.1 3.5 3.1 16.3 13.0 11.0 7.1
Table 6.7: Rheological properties and flow times of the mixtures tested in the PFT.
Mixture Differential viscosity (Pa s) Yield stress (Pa) Flow time (sec)
(hrs) 0:30 1:00 1:30 2:00 0:30 1:00 1:30 2:00 0:55 1:20 2:05
SCC27GM 61.9 69.2 70.4 71.5 8.7 27.9 32.8 2.2 2.2 2.5 2.7
SCC28GM 64.5 62.7 63.4 61.4 16.8 19.9 20.5 2.9 2.9 2.2 2.6
SCC29GM 65.9 76.8 73.2 74.3 18.9 13.8 29.8 3.3 3.3 3.2 2.7
SCC31GM 59.3 57.9 53.1 55.1 27 6.8 36.1 2.2 2.2 2.3 2.4
SCC32GM 117.8 112.8 123.2 128.1 8.6 14.7 10.4 2.6 - 3.3 -
SCC34GM 56.2 56.7 62.3 55.1 29.1 16.4 6.9 2.2 - - 2.4
SCC35GM 128 128.9 124.1 110.3 19.8 21.5 14 3.6 3.6 3.3 3.3
SCC37GM 45.4 40.7 33.1 30.6 4.9 6.9 26.3 1.8 1.8 1.5 1.6
SCC38GM 57.4 59.2 58.0 55.5 1.1 4.4 7.2 13 - 2.3 2.4
SCC 3 9 100.9 112.0 140.3 115.1 9.1 33.3 76.4 88.2 3.2 3.9 4.3
see40 77.8 100.1 103.1 113.5 19.6 34.7 60.2 70.3 3 3.6 4
see4i 68.6 93.1 128.1 116.9 9.6 15.5 14.2 37.9 3.2 3.9 4.6
sce42 76.2 90.0 104.5 88.7 5.5 10.0 12.0 28.1 3.1 3.3 3.9
StC'43 121.9 - 99.4 94.8 125.3 97.7 15.6 12.1 4.7 3.1 3.2
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6.14.9 R epeatab ility
Tim** control concrete mixtures (SCC40-SCC42) having the same mix design were car­
ried out to establish the single-operator error of the measured properties. Mixtures 
compositions and test results of the tested mixtures are presented in Tables 6.5-6.7. The 
mean values, absolute' errors, and the relative errors of several measured properties are 
presented in Table 6.8.
Table 6.8: Relative error of different properties of the control mixtures measured 
at 30 min.
M easurem ent Mean Absolute e rro r Relative e rro r  (% )
S lu m p  How (m m ) 755 33.3 4.41
V-funnel  ( see) 10.53 0.89 8.45
Pipe (low t ime (see) 3.1 0.1 3.22
Viscosity  (Pa  s) 74.2 3.7 4 .9 9
6.14.10 Rem arks
The PFT simulates, to a significant extent, the flow behavior of concrete in pumping 
pipes. The test results revealed a strong correlation between the flow time (t/) measured 
in the testing pipe and viscosity of the tested concrete. The obtained correlation is in line 
with previous research findings stating th a t the flow behavior of SCC is primarily affected 
by its rheological and tribological properties. Based on the i/-viscosity relationship, the 
P F T  grants a practical tool to predict viscosity of SCC on job sites w ithout undertaking 
typical rheological experiments. Moreover, the obtained correlation can be successfully 
extended to predict the pumping pressure loss by means of existing relationships between 
viscosity and pumping pressure loss.
6.15 Summary
The full scale pumping experiments performed in a pumping circuit a t the laboratory of 
the Universite de Sherbrooke were described in this chapter. Details of the circuit layout, 
calibration tests, testing procedures, and concrete properties testing were outlined as 
well.
The test results of the 26 pumped concrete mixtures were presented in three main 
parts. In the first part, several empirical relationships were established between the 
pressure loss and the properties of berth concrete and the lubrication layer. In the second 
part, statistical analyses were performed in order to derive prediction models to compute 
the pressure loss on the basis of the properties of concrete and the lubrication layer. In 
the third part, changes in concrete properties due to prolonged pumping were detailed. 
In addition, comparisons between the behavior of SCC and CVC during pumping were 
made. Lastly, the development of a new simple test method to determine the pressure 
loss on job sites was described.
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In the first, part, the established empirical relationships revealed that, viscosity, rather 
than yield stress, is a key param eter determining the pressure loss for SCC and HWC 
mixtures. An increase in concrete viscosity leads to a considerable increase in pressure 
loss, with more sizable losses at higher discharge rates. Overall, these empirical findings 
wen* in great agreement with those obtained from the analytical study (presented in 
section 5.11).
In th(' case of CVC, the opposite is true, yield stress, instead of viscosity, primarily 
controls the pressure loss. Therefore, an increase in yield stress results in an increase 
in pressure loss when pumping CVC. It was also found that the new introduced tribo- 
logieal param eters displayed cogent correlations with the pressure loss when using SCC 
and CVC. These correlations will help further the understanding of the consequences of 
changes in Itribu and viscosity on pressure loss (Chapter 7)
In virtue of the circuit, layout,, the influence of the pipe size on pressure loss was 
also investigated; it, was found that for a given viscosity, pressure loss decreases with 
increasing the pipe size. On the other hand, decreasing the pipe size can negatively affect 
the m ixture’s stability. Pipe size selection is therefore a difficult compromise between 
reaching the total head and maintaining mixture stability.
In the second part, as a result of the statistical analyses, several models tha t pre­
cisely predict the pressure loss on the basis of the measured rheological and tribological 
properties of concrete were derived. The statistical analyses revealed the substantial ef­
fects of viscosity and Itribu on pressure loss. Among both param eters affecting pressure 
loss, viscosity showed the highest effect followed by the increasing effect of Itribu with 
decreasing the pipe diameter. Simple test, methods including the V-funnel and slump 
tests were also modelized to easily compute the pressure loss for SCC and CVC, on job 
sites without the need for rheological and tribological measurements.
In the th ird  part, the empirical results indicated tha t pumping leads to significant 
changes in concrete properties. Generally, viscosity decreases due to pumping while yield 
stress, tem perature, and air content all increase. The tribological changes due to pumping 
can be summarized as an increase in Itribu and a reduction in Itr ibco and Itrib tot. This 
is justified by the reduction in concrete viscosity and the changes in the properties of the 
lubrication layer, both of which due to pumping.
The comparison between SCC and CVC highlighted their different flow patterns in 
pipes. SCC, in most cases, exhibits a slight-non linear relationship between pressure 
loss and discharge rate, while CVC shows a clear linear correlation. Overall, SCC can 
be advantageous for long-distance pumping because its ability to reduce pressure loss 
with pumping. At the same time, when pumping SCC stability issues can be induced by 
viscosity reduction and insufficient increase in yield stress. Unlike SCC, the range of the 
tested CVC mixtures exhibited an increase in pressure loss due to pumping, which may 
hamper its applicability for long-distance pumping.
Lastly, the developed pipe flow test (PFT) is considered a practical method to assess 
the flow behavior of SCC in pipes. Based on the flow time-viscosity relationship, the PFT  
test grants a practical tool to predict viscosity of SCC on job sites w ithout undertak­
ing typical rheological and tribological experiments. Moreover, the obtained correlation 
can be successfully extended to  predict the pumping pressure loss by means of existing 
relationships between viscosity of SCC and pumping pressure loss.
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Chapter 7
Mix Design Optimization to Reduce 
Pumping Pressure
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7.1 Introduction
One of the definitive lessons of the previous chapter was tha t pumping pressure loss 
can he effectively reduced by decreasing the viscosity and tribological flow resistance of 
concrete!. Hence, mix design param eters tha t induce a reduction in concrete viscosity 
will lead to reduction in pressure loss. Reducing pumping pressure by adjusting the mix 
design param eters is the main concern of this chapter. Tin- investigation begins with 
tests on the Concrete Equivalent M ortar scale (CEM), which provides a systematic scan 
of the following mix design parameters:
• eementitious materials (Class C and Class F fly ash, slag, and silica fume) at 
different substituting rates;
• water-to-cement ratio (w /cm ); and
• paste volume.
W ith the research findings from the CEM scale as input, the investigation extends to the 
concrete scale to further confirm the results and examine several mix design param eters 
th a t could not be captured through the CEM scale. The effects of the following mix 
design param eters on rheological and tribological properties of concrete are in focus:
• water-to-cement ratio;
• binder content and combination;
• paste volume;
• maximum size of aggregate (MSA);
• sand-to-total aggregate ratio (S/A);
• air content; and
• slump flow consistency.
Throughout the analysis, the results of the previous chapter are recalled in order to 
disclose the different correlations between pressure loss and the targeted investigated mix 
design parameters.
7.2 CEM testing
CEM is widely used in concrete research to project causal relationships onto the concrete 
scale since several correlations exist between the properties measured in CEM and their 
counterparts in corresponding concrete mixtures [1], The CEM scale is therefore consid­
ered an efficient way to systematically scan the different effects of concrete mix design 
parameters with reduced laboratory work and cost.
The CEM mix design concept is based on replacing all aggregate larger than 5 mm 
in the concrete mixture by an equivalent amount of sand having the same surface area
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of the aggregate. The total surface area of the aggregate and the sand is calculated from 
the grain size distribution, assuming a spherical shape of grains.
Despite the merit of CEM in investigating the effects of mix design param eters, 
the real interactions between the aggregate and the other constituent materials in the 
m ixture remain hard to capture accurat ely. Therefore, validating the results of CEM on 
the concrete scale is considered an im portant extension, particularly when investigating 
aspects related to the granular system.
7.2.1 Raw m aterials
All mixtures were prepared with GU Type cement (ordinary Portland cement ) conforming 
to  ASTM C150 [2], Class C and F fly ash, a normal-Blaine slag, and silica fume th a t all 
comply with ASTM C618, ASTM C989, and ASTM C1240, respectively [3 5]. Two types 
of sands, with a maximum aggregate size of 5 mm and complying with the recommen­
dations of ASTM C33 [6 ], were chosen. A commercially available polycarboxvlate-based 
HRWRA (Epsilon HP 570) with high workability retention was used and the dose was 
optimized through several trial batches. Chemical compositions and physical properties 
of the GU cement and the cementitious materials are listed in Tables A.3-A.11. The 
grain size distribution of the sand and aggregate used are presented in Figures A.1-A.3, 
and the physical properties are listed in Table A.I.
7.2.2 M ix design and preparation
The tested mixtures were all based on a corresponding SCC reference mixture having a 
total binder content of 550 kg/m*, a paste volume of 375 l/m '5, S/A of 0.54, and w /cm  of 
0.28. The paste volume and w /cm  changed when investigating their effects on viscosity 
and compressive strength. The HRWRA dose was adjusted to reach a target mini-slump 
of 225 ±  1 0  mm a t 15 minutes after water-cement contact time. By fixing the mini-slump, 
it was possible to explore the mix design variations capable of attaining the same target 
value. In addition, the existing knowledge on the correlation between CEM and SCC 
shows that this value corresponds to a SCC slump flow of around 720 mm [1 ],
Mixing was performed in an 8 -liter Hobard mixer as follows. Sand was added to the 
mixer and homogenized to determine its humidity. Half the mixing water was added and 
mixed for 30 seconds. All cementitious materials were added with the remaining water, 
and the reference time was set the moment cement and water came in contact. After 
2  minutes of mixing, the HRWRA was added, and the mortar was mixed for 2  more 
minutes. The mixture was kept at rest for 1 minute, then mixed for another minute. 
Afterward, the mini-slump flow was tested at 15 minutes after cement-water contact 
time. If needed, the slump was adjusted by adding another dose of HRWRA to the 
m ixture and mixing it for 2 more minutes, then repeating the test. M ortars that failed 
to reach the desired slump flow at 17 minutes were discarded.
Table 7.1: Mix designs and fresh properties of the tested mortars.
M ix tu re S a n d C e m e n t S lag S ilica F ly  ash  C Fly  a sh A d d e d S P M in i s lu m p Y -fu n n e l
F w a te r IS m in 8 0 m in 2 5 m in 8 5 m in
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m 3 kg/m3 kg/m3 mm mm sec. sec.
Reference mixture 1402.1 790.2 - - - - 216.0 7.01 235 220 15 16
20%  slag 1396.8 631.4 157.9 - - - 217.2 5.06 230 170 33.6 49.2
25%  slag 1395.4 591.8 197.3 - - - 217.9 4.03 230 150 25.2 63
30%  slag 1394.1 552.2 236.7 - - - 217.7 4.29 234 200 26.1 20.5
40%  slag 1391.5 473.1 315.4 - - - 217.8 3.90 233 160 31.4 45.3
15% Fly ash C 1332.0 652 - - 115.0 - 215.0 4.6 227.5 182.5 16.7 15.6
20%  Fly ash C 1318.0 612 - - 153.0 - 214,0 3.8 230.0 175.0 11.9 16
25% Fly ash C 1304.0 572 - - 191.0 - 214.0 3.1 227.5 160.0 18.7 14
30%  Fly ash C 1291.0 532 - - 228.0 - 213.0 2.7 225.0 192.5 17.2 15.3
15% Fly ash F 1348.0 654 - - - 115.0 215.0 5.6 230.0 200.0 12.6 14.4
20% Fly ash F 1339.0 615 - - - 154.0 215.0 4.8 225.0 170.0 12.3 19.3
25%  Fly ash F 1331.0 575 - - - 192 0 215.0 4.6 227.5 175,0 18.6 22.2
6%  silica+ 20%  Fly ash C 1340.3 577.3 - 46.8 156.0 156.0 213.6 6.36 230 200 14 15.5
6% silica-t-25 % Fly ash C 1328.5 536.9 - 46.7 194.5 1945 212.7 6.88 235 235 11 1 1
6% silica+30 %  Fly ash C 1316.6 496.8 - 46.6 232.9 232.9 212.8 6.10 235 235 13.5 14.5
6%  silica+10 % Fly ash F 1371.1 659.5 - 47.1 78.5 78.5 215.0 6.49 225 21 14.6 18
6% silica+15 % Fly ash F 1362.5 619 1 - 47,0 117.6 117 6 215.5 5.19 225 215 111 19
6% silica+20 % Fly ash F 1353.8 578.9 - 46.9 156 5 156.5 214.9 5.45 225 195 16.1 19.2
25%  Fly ash C+4 % silica 1332.9 553.0 - 31.2 194.7 194.7 213.1 6.62 235 235 12.7 14
25%  Fly ash C+8 % silica 1324.1 520.9 - 62.2 194.4 194.4 212.5 6.88 235 235 10.5 12.5
15% Fly ash F+4 % silica 1366.9 635.4 - 31.4 117.7 117.7 213.8 7.79 225 195 20 21.5
15% Fly ash F+8 %  silica 1358.0 602.9 - 62.6 117.4 117.4 212.7 8.70 225 205 16.5 19
2%  silica 1397.6 773.6 - 15.8 - - 215.7 7.14 230 180 23.3 29
4%  silica 1393.0 757.1 - 31.5 - - 215.3 7.40 230 205 16.2 23.1
5% silica 1390.8 748.9 - 39,4 - - 216.4 5.84 230 160 25 27
6%  silica 1388.5 740.7 - 47.3 - - 214,9 7.66 235 230 13 16.2
8% silica 1384.0 724.2 - 63.0 - - 213.6 9.09 235 215 16.1 22.2
8% silica.rep.* 1384.0 724.2 - 63.0 - - 214.6 7.79 230 205 12.23 14.7
10% silica 1379.5 707.8 - 78.6 - - 214.4 7.66 235 1955 20.1 24.4
15% silica 1368.3 667,0 - 117.7 - - 212.2 10.00 225 215 13.2 15.5
6%  silica - 0.22 w cm 1490.1 756.3 - 48.3 - - 155,2 29.10 225 195 66 15
6%  silica - 0.25 w/cm 1438.8 748.4 - 47.8 - - 188.8 13.60 225 195 40 16
6 % silica - 0.28 w/cm 1388.5 740.7 - 47.3 - - 213.4 9.61 235 220 13.2 15.5
Paste volume = 300 I/m3 1461.0 667.0 - 43.0 - - 199.0 14.8 225.0 210.0 33.2 35.0
Paste volume =  367 I/m3 1264.0 782.0 - 50.0 - - 233.0 9.7 225.0 218.0 15.9 16 4
Paste volume =  400 I/m3 1171.0 836.0 - 53.0 - - 249.0 10.3 235.0 233.0 10.6 11.2
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Table 7.2: Compressive strength of the tested mortars.
Mixture 28-days
MPa
5 6 -d ay s
M Pa
R eference m ixture 87 92
20%  slag - -
25%  slag 82 90
30%  slag - -
40%  slag 80 90
15%  Fly ash C 86 -
20 %  Fly ash C 82 -
25 %  Fly ash C 79 -
30%  Fly ash C 78 -
15%  Fly ash F 89 -
20%  Fly ash F 88 -
25%  Fly ash F 81 -
6%  siIica+20 %  Fly ash C 86 94
6%  silica+25 %  Fly ash C 82 89
6%  silica+ 30  %  Fly ash C 76 93
6%  silic a + 10 % Fly ash  F 93 97
6%  silica+15 % Fly ash  F 94 101
6%  silica+20 %  Fly ash  F 89 93
2 5%  Fly ach C+4 %  silica 84 85
2 5%  Fly ach C+8 % s ilica 86 100
15% Fly ash F+4 %  silica 86 92
15%  Fly ash F+8 %  silica 83 89
2%  silica 98 107
4 %  silica 96 100
5%  silica 98 101
6%  silica 104 107
8%  silica.rep.* 86 93
10%  silica 107 114
15%  silica 103 107
6%  silica - 0.22 w/cm 91 -
6%  silica - 0.25 w/cm 88 -
6 %  silica  - 0.28 w/cm - -
Paste volum e = 300 I/m3 95 -
Paste volum e = 367 I/m 3 92 -
Paste volum e = 400 I/m 3 92 -
* A ll su b se q u en t m ix tu res  w ere  p repared  w ith  sand  2 , w h ile  
the  p rece d en t m ix tu res  w ere  p rep a re d  w ith  san d  i .
7.2.3 Test m ethods and procedures
The flowability of the tested mixtures was evaluated through the mini-slump flow and the 
mini V-funnel flow time, according to ASTM C1437-07 and EFNARC (2 0 0 2 ), respectively 
[7, 8 ]. The rheological properties were measured with the ConTec Viscometer 6  (described 
in section 3.8.1).
The following tests were performed when the required mini-slump flow of 225 ± 1 0  
mm was attained: mini-slump flow at 15 and 80 minutes, mini V-funnel at 25 and 85 
minutes, and rheometer at 20 minutes. All samples a t the different testing ages were 
taken from the mixer preceded by a remixing period of 30 seconds to eliminate any
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thixotropic effect on the measurements. Compressive strength was tested at 1, 7, 28, 
and 56 days, on 50 mm cubes cured under standard moisture curing conditions (100% 
humidity and 23 ±  2 °C).
7.2.4 Assessm ent of the rheological properties
Rheological tests with the Con Tec Viscometer 6 began with a pre-shearing period of 30 
seconds at the maximum rotational velocity (0.7 rps) to eliminate the effect of thixotropy. 
The pre-shearing period was followed by a decrease in the rotational velocity from 0.7 rps 
to 0.025 rps through 10 five-second increments. The average torque (T) and rotational 
velocity (N) were calculated at each step from the data points measured in equilibrium 
for further analysis.
Preliminarily analysis of the rheological measurements showed that the mortars 
exhibit non-linear shear-thinning behavior and even, in some cases, combined shear- 
thickening and shear-thinning behaviors. Although the physical cause of these behaviors 
is still under investigation, it could be attributed to the high concentration of solid mate­
rials in the mixtures, or to insufficient mixing energy. Considering that there is no model 
available for these special cases, the following procedure was used to transform the rhe­
ological raw data into fundamental parameters. Firstly, the Bingham model was applied 
to all data points measured at a rotational velocity equal to or lower than 0.3 rps and 
the plastic viscosity (pp) was obtained, as indicated in Figure 7.1. Secondly, for all data 
measured at rotational velocities higher than 0.43 rps, the corresponding shear stress was 
divided by the shear rate, delivering the apparent viscosity {finpp) (the slope of the line 
connecting the measurement point with the origin). The reported apparent viscosity is 
the average value of the four data points in the zone. The ranges of measurements for 
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Figure 7.1: Example of the plastic viscosity (pp) and apparent viscosity (p„Pp) 
determined by the How curve.
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7.2.5 Effect of m ix design param eters on the properties of 
CEM
This phase aims to optimize mix design parameters tha t are efficient in reducing viscosity 
and meeting the high strength requirements. The investigated param eters include the 
type and substituting rate of the cementitious materials, w /cm , and paste volume. Mix­
ture’s proportioning and fresh properties of the tested mixtures are listed in Table 7.1, 
and the compressive strengths in Table 7.2.
7.2.6 Influence of cem entitious m aterials
The investigation into the influence of cementitious materials can be divided into two 
stage’s. In the first stage, the GU cement was replaced at different levels by one of 4 
different cementitious materials including silica fume, Class C and Class F fly ash, and 
slag. In the second stage, blends of two cementitious materials were used in ternary 
binders with the GU cement. Based on the results em anating from both stages, different 
replacement levels of cementitious materials were optimized by the highest reduction in 
plastic viscosity, and were considered for further investigation on the concrete scale.
Silica fume
Seven mixtures with silica fume replacement rates of 2%, 4%, 5%, 6 %, 8 %, 1 0 %, and 
15%, were prepared to optimize the silica fume substituting level (see Table 7.1). The 
changes in plastic and apparent viscosities, as a function of the replacement rate of sil­
ica fume, are shown in Figure 7.2. The values are expressed relative to the viscosity of 
the reference mixture (prepared with 100% GU cement). As indicated in Figure 7.2, the 
plastic viscosity decreases significantly (by approximately 52%) as the silica fume replace­
ment increases to 6 %-8 %, while beyond this point only a slight reduction in viscosity is 
obtained. The observed reduction can be justified by the improved packing density of 
the binder combination provided by the silica fume replacement at low rates.
In reference to the literature, the results are in partial agreement; early research 
states that replacing the GU cement with silica fume up to a certain level reduces viscosity 
while beyond this point an increase is obtained [9, 10]. This follows the general orientation 
of the test results, however, two differences can still be highlighted. The first is tha t 
viscosity does not show the same dramatic increase at high silica fume replacement rates. 
The second is th a t the optimal rate (giving minimum viscosity) tha t was found during 
testing is somewhat higher than  those reported in literature (5-7%). The reasons for these 
differences are still unknown, but a possible explanation could be a ttribu ted  to the high 
concentration of silica fume particles in the tested samples. It follows th a t a considerable 
part of these particles remains coagulated during mixing or testing and consequently 
limits the negative effect of silica fume. This incomplete dispersion of the silica fume 
particles can be attributed to insufficient mixing energy or the dispersing action of the 
HRWRA used.
The compressive strength results (presented in Table 7.2) indicate tha t, generally, 
compressive strength increases with the silica fume replacement rate. The highest strength
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value of 114 MPa (at 56 days) was obtained at a replacement level of 10%, while a com­
pressive strength of 107 MPa was obtained for a substitution rate of 6%.
In conclusion, replacing the GU cement by 6%-8% silica fume reduces viscosity by 
more than 50%, while at approximately the same rate (6%), the compressive strength 
can reach 107 MPa at 56 days. Taking into consideration the viscosity reduction and 
compressive strength development, a replacement rate of 6% silica fume was considered 
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F igure 7.2: Plastic and apparent viscosities as a function o f silica fume replacement 
rate. The values are relative to the viscosity o f the reference mixtures measured at 
20 min.
Fly ash
Previous studies on the rheological behavior of mortar and concrete concluded that for a 
given w /cm ,  viscosity can be considerably decreased by adding fly ash [11-14], For con­
crete pumping requirements, the optimal rate falls in the range of 15%-20% [15], varying 
depending on w /c m  and HRWRA dose [16]. Therefore, to optimize the replacement level 
of fly ash, several mixtures were prepared with two types of fly ash (Class C and F) and 
replacement rates varying from 15 to 30% (mix designs and fresh properties are presented 
in Table 7.1).
The resulting plastic and apparent viscosities of the tested mixtures as a function of 
fly ash replacement are depicted in Figure 7.3. For both types of fly ash, the curves exhibit 
similar tendencies at different replacement rates. In general, the apparent viscosity is 
10%-20% higher than the plastic viscosity indicating a slight shear thickening behavior. 
As presented in Figure 7.3a, increasing the fly ash replacement in the case of Class C 
fly ash reduces both plastic and apparent viscosities, with the minimum values obtained 
at 25%. For Class F, the minimum plastic and apparent viscosities are obtained at a 
replacement rate of 15% (see Figure 7.3b).
Comparing the results of both types of fly ash affirms that Class C fly ash is more 
efficient in reducing viscosity than Class F. This can be explained by the different chemical 
composition of both types of fly ash, resulting in different HRWRA adsorption rates. The
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low HRWRA adsorption of Class C fly ash justifies its superior viscosity reduction. This 
is because more particles of HRWRA are available in the mortar matrix resulting in 
higher dispersing action for the cement grains.
The compressive strength results listed in Table 7.2 indicate that replacing the GU 
cement by either class of fly ash reduces the compressive strength below that of the 
reference mixture without any fly ash. The reduction in compressive strength is a well- 
known disadvantage when using fly ash. Considering the viscosity reduction and the 
compressive strength development, replacement rates of 25% and 15% were taken as the 
optimized levels for Class C and F fly ash, respectively.
£
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Figure 7.3: Plastic and apparent viscosities as a function o f the replacement level 
o f (a) Class C fly ash and (b) Class F fly ash. The values are expressed relative to 
the viscosity o f the reference mixture measured at 20 min.
Slag
Four mixtures containing different slag replacement rates of 20%, 25%, 30%, and 40% 
were tested. The plastic and apparent viscosities as a function of slag replacement relative 
to the reference mixture without any slag are plotted in Figure 7.4. The lowest plastic and 
apparent viscosities are obtained for the substitution rate of 25%, providing a viscosity 
reduction of around 20%. Higher slag replacements of 30%-40% lead to steady increases 
in both plastic and apparent viscosities, as depicted in Figure 7.4. For all replacement 
rates, the plastic viscosity considerably exhibits lower values than the apparent viscosity, 
indicating a shear thickening behavior. This type of behavior increases viscosity and is 
unfavorable in applications with high shear rates such as pumping, because it results in 
an increase in the required pumping pressure.
On the subject of compressive strength, the results presented in Table 7.2 indicate 
that the replacement rates of 25% and 40% do not have any effect on the compressive 
strengths at 28 and 56 days. Taking into consideration the previously discussed inconve­
niences, slag was no longer used in the proceeding phases of the optimization.
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F igure 7.4: Plastic and apparent viscosities as a function of slag replacement. The 
values are expressed relative to the viscosity of the reference mixture measured at 20 
minutes.
Silica fume and fly ash blend
It is well established th a t combining of silica fume and fly ash can significantly reduce 
viscosity [17]. T he investigation into the  com bination of silica fume and fly ash comprises 
two stages. In the  first stage, the silica fume replacem ent levels were varied, while the  fly 
ash substitu tion  levels were fixed. As a result, 6  m ixtures in the  first stage were prepared 
w ith various silica fume replacem ent rates varying by ±  2 % around the  optim ized ra te  
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Figure 7.5: Plastic and apparent viscosities as a function of silica fume replacement 
for mixtures with fixed substitution rates of 25% and 15% for Class C and Class F 
fly ash, respectively. The values are relative to the plastic viscosity of the mixture 
prepared with only 6% silica fume.
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The resulting changes in plastic and apparent viscosities of the tested mixtures are pre­
sented in Figure 7.5. The values are expressed relative to the viscosity of the reference 
mixture prepared with 6 % silica fume. As dem onstrated in Figure 7.5, combining any 
replacement rate of silica fume with 15% Class F fly ash does not lead to  any significant 
reduction in viscosity. On the other hand, using 6 % or 8 % silica fume replacement com­
bined with 25%) Class C fly ash leads to a sizable decrease in viscosity compared to the 
reference mixture. Hence, it can be concluded tha t combining silica fume with 15%) Class 
F fly ash does not contribute' to viscosity reduction, whereas combining 6 %> silica fume 
with 25% Class C fly can decrease viscosity bv about 30%. The compressive strength 
results (presented in Table 7.2) dem onstrate that all mixture's pre'pare'el with fly ash ex­
hibit le>wer compressive strength than the reference mixture', further e'emfirming tha t fly 
ash can aelversely affect the compressive strength. The highest compressive strength of 
101 MPa (at 56 elays) was obtained for the combination of 6 % silica fume anel 15% e>f 
Class F fly ash. In the case of Class C fly ash, the highest e'ompressive strength of 100 
M Pa was obtained by the combinatiem e>f 8 %> silie a fume' anel 25%; fly ash.
In the seconel stage of the investigation into the influence e>f cementitious materials, 
the siliea fume substitution level was hxed at 6 %), while the fly ash replacements were 
varieel by ±  5% around the optimized rates of both types of fly ash. As a result, 6  mixtures 
were carried out with silica fume replacement of 6 %, Class C replacement of 20%, 25%, 
and 30%, and Class F replacement of 10%, 15%, and 20%. The resulting plastic and 
apparent viscosities of tested mixtures are presented in Figure 7.6. As dem onstrated in 
Figure 7.6a, for Class C fly ash, viscosity reduces relatively by 30% for a replacement rate 
of 25%, while for Class F, no significant reduction was observed (see Figure 7.6b). The 
compressive strength results presented in Table 7.2 confirm th a t the addition of fly ash to 
mixtures contain silica fume reduces their resistance. This reduction is more pronounced 
in the case of Class C fly ash.
Based on the results emanating from the two stages discussed above, it can be 
concluded tha t the combination of 25% Class C fly ash and 6 % silica fume is the optimal 
substitution rate. This blend shows a viscosity reduction of about 30%; relative to the 
mixture with only 6 % silica fume. On the other hand, combining Class F fly ash with 
silica fume does not lead to further reduction in viscosity. The compressive strength 
results indicate th a t the addition of fly ash adversely affects the results; however, a 
compressive strength of 89 M Pa (at 56 days) was attained by the optimized blend.
7.2 .7  Influence o f m ix design param eters 
Paste volume
The paste volume is a key factor in determining the rheological properties of concrete as 
it characterizes the liquid phase of the fresh matrix. The required paste volume firmly 
depends on the granular characteristics of the aggregates; for a given aggregate size and 
content there is a minimum amount of paste volume below which the concrete exhibits 
poor deformability [18]. As previously outlined, it is difficult to capture with sufficient 
accuracy the effect of paste volume in relation to aggregate characteristic through CEM 
trials. Nevertheless, the research findings of this phase will help better understand the
7.2 CEM TESTING 169
influence of paste volume on the rheological properties of CEM. Further validation on 
concrete scale to confirm these findings is still required.
The influence of paste volume on CEM viscosity was investigated through 4 mixtures 
with corresponding concrete paste volumes of 300, 333, 367, and 400 l/m 3. All mixtures 
were prepared with a binder combination of 94% GU cement and 6% silica fume. The 
mix designs and fresh properties of the tested mixtures are presented in Table 7.1. The 
resulting plastic and apparent viscosities relative to the reference mixture (with a paste 
volume of 333 l/m 3) are depicted in Figure 7.7.
The results show that viscosity declines as paste volume increases from 300 to 333 
l/m 3, and from this point it does not change significantly. The decrease in viscosity can be 
justified by the increasing number of the hydrodynamic interactions and the decreasing 
number of the solid-solid ones created by increasing the paste volume.
Among the investigated paste volumes, the volume of 333 l/m 3 seems to be a critical 
value beyond which the studied parameters do not significantly decrease viscosity. This 
finding is further confirmed through the investigation on the concrete scale.
w / c m
The influence of w /cm  on CEM viscosity was evaluated through two groups of mixtures 
prepared with different binders. The first binder is a combination of the GU cement with 
6% silica fume, and the second consists of the GU cement with substitution rates of 6% 
silica fume and 25% Class C fly ash. In the first group, three w /cm  of 0.28, 0.25, and 
0.22 were used, whereas only 0.28 and 0.25 were used for the second group.
Figure 7.8 shows the influence of w /cm  on the plastic and apparent viscosities of 
the tested mixtures. For the first group, a reduction of w /cm  from 0.28 to 0.22 leads to 
a substantial 300% increase in viscosity. Likewise, for the second group, a reduction in
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F igu re  7.6: Plastic and apparent viscosities as a function o f the replacement rate 
o f (a) Class C fly ash and (b) Class F  fly ash for mixtures containing 6% silica fume. 
The values are expressed relative to the plastic viscosity o f the m ixture with only 6% 
silica fume.




F igure  7.7: Plastic and apparent viscosities as a function o f paste volume. The 
values are expressed relative to the viscosity o f the reference mixture.
w /cm  from 0.28 to  0.25 increases viscosity by approxim ately 100%. T he large variation 
in viscosity induced by small changes in w /cm  renders the  finding th a t w /cm  is the  m ost 
influential param eter on CEM  viscosity. Its  effect is considerably higher for m ixtures 
prepared w ith 6 % silica fume and 25% Class C fly ash than  for those prepared w ith only 
6 % silica fume, indicating th a t the effect of w /cm  on viscosity depends on the  binder 
type.
As expected, the  compressive streng th  results dem onstrate th a t compressive streng th  
increases w ith reducing w /c m  (Table 7.2). The obtained results are in line w ith previous 
research findings on the  subject [19].
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F igure  7.8: Plastic and apparent viscosities as a function of w/cm. The values are 
expressed relative to the plastic viscosity o f the mixture with 6% o f silica fume and 
w/cm  o f 0.28.
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7.2.8 Sum m ary
From the first phase of the experimental program it was found tha t replacing the GU 
cement by silica fume or/and  Class C fly ash can significantly reduce viscosity of CEM. 
A replacement level of 6 % silica fume can reduce viscosity by 50%, while a substitution 
level of 25% Class C fly ash or 15% Class F fly ash can reduce1 viscosity by 30%, anel 
10%), respectively. Class C fly ash is therefore; consielereel more efficient than Class F in 
reelueing viscosity. It was alse) elemonstrateel that the use1 e>f slag is not recommended as 
it re'.sults in undue shear thickening behavior and leaels to reduction in the compressive 
strength.
When investigating the combination of silica fume anel fly ash it was observed tha t 
a blend of silica fume anel fly ash can further reeluce viscosity relative to their individual 
applications. A combination of 25% Class C fly ash with 6 % silica fume replacement, 
rates can decrease viscosity by 30% relative to  the mixture without any flv ash. On the 
e)t,her hanel, combining Class F flv ash with silica fume does not have a profound effect on 
viscosity. W ith regards to the compressive strength, replacing the GU cement by silica 
fume increases the compressive strength while both types of fly ash adversely affect the 
compressive strength.
The investigation into the effect of mix design param eters showed th a t, among the 
investigated param eters, w /cm  has the highest effect on viscosity reduction; viscosity 
increases as much as threefold by decreasing w /cm  from 0.28 to  0.22. CEM trials varying 
paste volume prove 333 l/m 3 to be a threshold value beyond which viscosity does not 
change significantly.
As a result, the optimized blends of 6 % silica fume with 25% Class C fly ash, or 15% 
Class F fly ash display an impressive ability to reduce viscosity and meet the strength 
requirements. In light of these research findings, the investigation will be extended to the 
concrete scale where various mix design param eters tha t could not be captured through 
CEM trials are also investigated.
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7.3 Concrete Scale
Workability requirements of concrete depend primarily on the type of transportation, con­
struction, placement, and consolidating methods applied. When pumping high-strength 
SCC (H-S SCC) difficulties arise because of the low tv /a n  and poor flowabilty charac­
teristics of such type of concrete, resulting in a high pumping pressure. Increasing w /cm  
is one way to improve the flowabilty of concrete, but with it comes the overall decrease 
in quality and the risk of segregation during pumping. In this sense, the challenge is 
to adjust the mixture proportioning to enhance flowability while meeting the stability 
and strength requirements. Improving flowability and thus decreasing pressure loss can 
be successfully accomplished by reducing viscosity and tribological flow resistance of 
concrete.
Applying the results from the CEM trials, the investigation presented in the fol­
lowing sections aims to optimize several mix design param eters to reduce viscosity and 
tribological resistance and pumping pressure loss of concrete. The results presented in 
the following sections are the products of two main phases carried out on concrete mix­
tures. The first phase involves mixtures tested at the laboratory of the UniversitAl de 
Sherbrooke, while the second phase includes the full-scale pumping tests carried out on 
a pumping circuit and discussed in Chapter 6 .
7.3.1 A ssessm ent o f the fresh properties
The fresh properties of concrete were evaluated using the following test methods. 
S lu m p /s lu m p  flow an d  T -5 0  flow te s t
The slump test is typically used to evaluate the ability of concrete to deform under its 
own weight using the slump (or Abram) cone. For SCC, this test (ASTM C 143) consists 
of determining the mean diameter of concrete spread at the end of a slump test and the 
time needed for the concrete to  spread 500 mm (T-50). In the case of CVC, the test is 
executed by casting concrete in three layers and rodding each layer 25 times. For HWC, 
the concrete is inserted in one layer and consolidated bv rodding 10 times. For SCC the 
same procedure is followed but no consolidation is needed.
L -b o x  te s t
The L-box test (ACI 237) is used to assess the passing ability of concrete in confined 
flow conditions such as heavy reinforcement. The L-box consists of a reservoir, a slide 
gate, three reinforcement bars as obstacles, and a test basin. One minute after filling the 
reservoir, the slide gate is opened and the time it takes the concrete to reach the leading 
edge of the test basin is measured. Upon stoppage of the concrete flow, the vertical 
section (h\ — 600-H \) and th a t at the leading edge (h2= 150-H2) are measured. The 
h2/h \  ratio is calculated, indicating the self-leveling ability of the concrete. A high h2/h \  
value implies a greater passing ability. For HWC, a slight modification is introduced 
to the test where only 2 bars (instead of 3) are used and the concrete is vibrated for 5
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seconds a t the flow stoppage before taking the measurements. In both eases, any blocking 
of the flow by coarse aggregate behind the reinforcement bars can be detected visually.
V-funnel
The V-funnel flow time test is used to evaluate the deformability of concrete and can 
be related to its filling and passing ability and viscosity. The test apparatus consists 
of a V-shaped funnel reservoir with a straight narrow opening and a gate. The test is 
executed within 1 0  seconds after filling the reservoir to avoid any thixotropie influence 
on the results. The interval time between the opening of the gate and the moment the 
observer can see through the gate is measured and considered the V-funnel flow time. 
The shorter the time, the greater is the concrete ability to deform.
Sieve stability
This test is used to weigh the static  resistance of SCC to segregation bv measuring the 
portion of a concrete sample th a t passes through a sieve under its own weight. The 
ratio presented by the weight of the mortar separated from the sample to its total weight 
indicates the stability of the mixture. The lower the ratio, the higher is the concrete 
stability. The test is performed by pouring 5.0 ±  0.2 kg of concrete on a sieve with 5 
mm opening. The sample is kept at rest on the sieve for 2 minutes, and the m ortar 
tha t passes through the sieve is weighed and then expressed relative to the total mass 
of the sample. In this project, the French standard of maximum 15% passing was used 
to determine whether the SCC is stable or not. The test was not executed on CVC or 
HWC.
Air content
Air content is typically measured using the pressure m ethod (ASTM C 231). In this 
method the fresh concrete is squeezed by compressed air to about twice normal atm o­
spheric pressure. Since air is the only compressible component in the concrete, the change 
in the volume of the sample indicates the air content in the measured sample. The test 
consists of filling the 7-liter base of the air-content, test device, latching the top of the test 
apparatus over the base, and then filling the air gap between the surface of the concrete 
and the underside of the top of air meter with water. The pressure meter is then zeroed 
with the built-in hand pump, the pressure is stabilized and then released, and finally the 
air content is measured. As a secondary function of this apparatus, the fresh concrete 
density can be determined by weighing the fresh concrete content and dividing by the 
known volume of the base.
7.3.2 Rheological properties
The rheological properties of concrete reported in this phase were determined using the 
ConTec Viscometer 5. This device is a coaxial concrete rheometer with a design similar 
to the m ortar rheometer ConTec Viscometer 6  described in section 3.8.1. The radii 
of the inner and outer cylinders are 10 cm and 14.5 cm, respectively. The height of 
the measurement section submerged in concrete should be measured after each test and
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corrected to a reference height of 12 cm. The torque values at different velocities are 
measured by the load cell and registered for further data treatm ent.
Testing procedure and data treatm ent
The testing procedure began with pre-shearing the concrete' sample for 20 seconds at 
the highest rotational velocity (0.5 rps) to eliminate any thixotropy influence on the 
measurements. The sample was then subjected to a 1 0 -step decrease in rotat ional velocity, 
from the maximum rotational velocity to 0.025 rps. During each 5-second step, the 
average velocity and the corresponding torque were measured and registered for further 
analysis. The relationship between the measured torque and velocity was established, 
and the fundamental rheological param eters were calculated using the Reiner-Riwlin 
('(Illations (3.20 and 3.21).
Preliminarily analysis of the results revealed that the vast majority of the flow curves 
exhibited a slight shear thickening behavior. Applying the linear Bingham model (equa­
tion 7.1) to the results can deliver negative yield stress values, which is physically im­
possible. On the other hand, neglecting the shear thickening behavior can result in a 
significant under estimation of the pumping pressures. In order to overcome this diffi­
culty, the following approach was applied to the results: the modified Bingham model 
(presented in equation 7.2) was applied when the ratio of c//x > 0.001, otherwise the 
results were confirmed linear and the Bingham model was applied.
r  =  To +  ifip  (7.1)
r  =  t 0 +  / / 7  +  cy2 (7.2)
where
r: shear stress (Pa) 
r0: yield stress (Pa) 
fip: plastic viscosity (Pas)
//: viscosity factor (Pas) 
c: second order param eter (P as2)
7 : shear rate ( 1 /s)
Since two different models were applied to the results, a way to compare the results 
was needed. The differential viscosity, defined by the slope of the rheological curve a t a 
certain shear rate, was well suited for this task. For the Bingham model, the differential
viscosity was equal to the plastic viscosity, while in the case of the modified Bingham
model, the differential viscosity was taken a t shear rate of 5.5 1/s (approximately two- 
thirds of the maximum shear rate) to avoid overestimation of viscosity, particularly in 
the case of shear thickening behavior. Applying this procedure, the obtained differential 
viscosities of both models compared well. When calculating the yield stress, no significant 
difference was noticed between the two models.
It should be mentioned here tha t rheological properties of the pumped mixtures 
reported in the forthcoming sections were obtained through a different data  treatm ent 
procedure than th a t detailed in section 6 .8 .1 .
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7.3.3 Tribological properties
The tribological properties were determined in the tribometer developed at the Univer- 
sit.Al’ do Sherbrooke. Detailed description of the tribometer and its operating principle 
are located in section 3.10.6.
Testing procedure and data treatm ent
The testing procedure applied with the tribom eter was similar to those for the rheometer 
test. It began with a pre-shearing period of 20 seconds at the maximum rotational velocity 
(0.9 rps), in order to form the lubrication layer and eliminate the effects of thixotropy. 
Afterwards, the rotational velocity was decreased in 1 0  steps, from 0.9 rps to 0 .0 1  rps, 
and held constant at each step for 5 seconds so tha t the rotational velocity and torque 
could be registered.
The registered torque was corrected for the "side effect" caused by the cone head of 
the tribom eter as detailed in section 6.8.2. The tribological properties including Itr ibu , 
Itm bro, and Itr ib tot were determined from the torque-velocity relationship, as indicated 
in section 5.7.
The total flow resistance (Itr ib lol) measured with the tribom eter is an indication of 
the flow resistance of concrete being pumped through pipes. It comprises both  the effects 
of the lubrication layer and those induced by the concrete itself. Because it is strongly 
related to viscosity, all param eters affecting viscosity are prone to have a significant effect 
on Itribtot ■ Normally, the higher the Itrib tot, the higher is the flow resistance of concrete. 
From this perspective, one of the main objectives at this stage is to reduce Itrib tot in 
order to facilitate concrete flow and reduce the pressure loss along the pipes. More details 
concerning the derivation of the tribological param eters used to assess the flowability of 
concrete are described in detail in section 5.7.
7.3 .4  M ixing and testin g  procedure
All mixtures were prepared using a drum mixer at its maximum capacity (100 liters). 
Mixing was executed as follows. First, coarse aggregate and sand were inserted and 
mixed with half the mixing water for 2  minutes to ensure a good homogeneity of the 
mixture. Second, cementitious materials were introduced and mixed for 30 seconds. 
Third, HRWRA diluted in the second half of the mixing water was added during mixing. 
After 3 minutes, mixing was stopped for 2 minutes, during which the m ixture was homog­
enized manually by scraping the walls of the mixer. Finally, the concrete was mixed for
2.5 minutes and kept at rest for 2 more minutes, then the concrete was evaluated visually 
and using the slump flow test to verify whether the target slump flow was attained. If 
necessary, an additional HRWRA dose was added, mixing was resumed for 1 minute and 
slump How was then retested. Mixtures tha t failed to reach the desired slump flow after 
15 minutes (of the water-cement contact time) were discarded.
For the accepted mixtures, the following testing procedure was followed to evaluate 
workability, rheology, and tribology. Note tha t the time is taken relative to the water- 
cement contact time.
- Slump/slump flow, density, air content, V-funnel, L-box and sieve stability tests at
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15 minutes;
- Rheology and tribology tests a t 30 minutes;
- Slum p/slum p flow, and V-funnel tests a t 45 minutes;
- Rheology and tribology tests a t 60 minutes;
- Slum p/slum p flow, and V-funnel tests a t 75 minutes;
- Rheology and tribology tests at 90 minutes;
- Slum p/slum p flow, density, air content, V-funnel, L-box and sieve stability tests 
a t 105 minutes; and
- Rheology and tribology tests a t 120 minutes.
The rhelogical, tribogical, and fresh properties measured a t different testing ages are 
presented in Tables B.4-B.6 and Tables B.10-B.13. The discussed rheological and tri- 
boloieal properties of concrete (in the first phase of the concrete scale) were measured 30 
minutes after water-cement contact time. The pumped concrete mixtures (in the second 
phas(') were received from a ready mix company and mixed through different procedures. 
More details concerning the testing procedures of the pumping tests can be found in 
section 6.7.
7.3.5 M aterials
Through the experimental program, two sets of constituent materials were used through­
out two testing stages. In the first stage, two types of local sand (sand 1 and sand 2) 
with a maximum aggregate size of 5 mm, complying with ASTM C33 recommendations 
[20] were used. Different types of aggregate with MSAs of 10 mm and 14 mm were used 
in different proportions. The granular distribution of the aggregate and sand used in the 
first stage are presented in Figures A .l and A.3.
A different set of materials, typically used in the Arabic Gulf to produce SCC, were 
used in the second stage. This includes two different types of sand: the first, dune 
sand, the second, crushed aggregate sand. Also, two types of aggregate with MSAs of 
1 0  mm and 2 0  mm, were used in different proportions, as detailed in Table B.8 . The 
granular distributions of the sand and aggregate used in the second stage are presented 
in Figure's A.4-A.7.
The GU Type cement conforming to ASTM C150 was used in all mixtures [2]. 
Also, Class C fly ash and silica fume complying with ASTM C618 and ASTM C1240, 
respectively, were incorporated as cementitious materials [3, 5]. Physical and chemical 
properties of the cementitious materials are presented in Tables A.3-A.11. Epsilon HP570, 
a commercially available polycarboxylate-based HRWRA with high workability retention, 
was employed in the mixtures.
7.3.6 M ix design
The investigated mixtures cover a broad range of concrete properties so th a t the effects 
of mix design variations on the flow properties of concrete may be assessed. Various mix 
design param eters were investigated at different levels including: w/cm, binder content 
and type, paste volume, S/A, MSA, air content, and slump flow consistency. All mixtures 
were prepared with w/cm  of 0.28 except when investigating the effect of w /cm  variation.
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The binder content was fixed at 575 kg/m '! except when examining the effect of variation 
in binder content. Also, the S/A  was fixed a t 0.53 ratio in the first stage and at 0.59 in 
the second one except when addressing the effect of S/A variation. The HRWRA dose 
was adjusted to reach the target slump flow at 15 minutes. Tables B.3, B.8 , and B.9 list 
the mix design and proportioning of all tested mixtures used in stages 1 and 2  of this 
experimental phase.
7.4 Test results
The influences of several mix design param eters on the rheological and tribological prop­
erties and the pumping pressure loss are presented in the subsequent sections.
7.4.1 Effect o f w / c r n
The research findings from the CEM investigation showed th a t w/crn is the most influ­
ential mix design param eter on viscosity. In order to validate this finding on the concrete 
scale, 3 mixtures (SCC33, SCC32, and SCC31) were prepared with w /cm  of 0.22, 0.25, 
and 0.28, respectively, while other mix design param eters were held constant (Table B.8 ).
As shown in Figure 7.9a, the resulting viscosity dramatically decreases (by around 
fivefold) from 320 Pa s to 132 Pa s, and finally to 62 Pa s, as the w/cm  increases from 
0.22 to 0.25, and finally to 0.28. This steady reduction can be attributed  to the low w /cm  
levels where a small change in w /cm  can have a profound im pact on viscosity. These 
results are in accordance with the results obtained from the CEM trials, although the 
effect on viscosity is more significant in concrete than it is in CEM for the same change 
in w/cm.
The evolution of the total flow resistance as a function of w /cm  is presented in Fig­
ure 7.9b. Similarly to viscosity, the total flow resistance considerably increases as w /cm  
decreases. For example, the total flow resistance increases by 66% as w /cm  decreases 
from 0.28 to 0 .2 2 , indicating a significant influence of w/cm  on flow resistance.
As expected, the compressive strength results (presented in Table B.14) show th a t 
reducing w/cm  increases compressive strength. A reduction of 3% in w /cm  can result 
in an increase of 1 0 % in the compressive strength. These results are in line with those 
obtained from the CEM scale and previous researches stating tha t w /cm  is the most 
influeneial mix design param eter on compressive strength [19].
The influence of w/cm  on pressure loss was investigated through 3 mixtures: SCC8 , 
SCC 1 0 , and SCC9, prepared with w /cm  of 0.245, 0.295, and 0.340, respectively. Mix 
designs and compositions, the rheological and tribological properties of the tested mix­
tures are presented in Tables B.15, B.16, and B.21-B.23, respectively. The pressure loss 
a t different discharges as a function of w /cm  for the tested mixtures is plotted in Fig­
ure 7.10. As dem onstrated, pressure loss exhibits a substantial decrease with increasing 
w/crn. For example, the pressure loss at a discharge rate of 8  1/s decreases by 77% as 
w /cm  reduces by 9.5% (from 0.340 to 0.245). The dram atic reduction in pressure loss 
can be attributed  to  the reduction in viscosity and It.riblot of the pumped mixtures, as 
presented in Tables B.21-B.23.
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Figure 7.10: Pressure loss as a function of w/cm at different discharges for the 
tested mixtures using (a) 4-in pipes and (b) 5-in pipes. Pressure loss was measured 
during the first pumping cycle.
It should be noted here th a t th e  p lo tted  pressure losses are obtained during th e  first 
pum ping cycle. Similar results were obtained during la ter pum ping cycles as indicated 
in Tables B.25-B.28.
7 .4 .2  In fluences o f  b inder con ten t and ty p e
T he influence of binder type was previously exam ined through CEM , and it was concluded 
th a t replacing the  GU cem ent by 6 % silica fume and 25% Class C fly ash delivers the 
lowest viscosity. It was also found from the CEM  scale th a t incorporating fly ash can 
adversly affect the  compressive strength . In order to  verify these results on the  concrete 
scale and further investigate the consequences of om itting the  fly ash on the  viscosity
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R eplacem ent o f  G U  by C lass C fly  ash
F igure  7.11: Differential viscosity o f the tested mixtures as a function o f Class C 
fly ash replacement rate for two binder contents.
and flow resistance, 4 m ixtures were prepared w ith two binders com binations. For each 
blend, two binder contents of 575 k g /m 3 and  615 k g /m 3 were used in order to  exam ine 
th e  effect of binder content on the  viscosity and the  flow resistance. SCC3 and SCC 6  
m ixtures incorporated a replacem ent of the  GU cem ent by 25% of Class C fly ash and  6 % 
silica fume and binder contents of 575 k g /m 3 and 615 k g /m 3, respectively. SCC7 and 
SCC 8  incorporated a  replacem ent of the  GU cement by 6 % of silica fume while the  binder 
contents were 575 k g /m 3 and  615 k g /m 3, respectively. All m ixtures were prepared w ith 
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F igure  7.12: (a) Itribtot and (b) Itribu as a function o f Class C fly ash replacement 
rate for two binder contents.
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Binder content
Viscosity as a function of Class C fly asli replacement rates for both binder contents are 
displayed in Figure 7.11. Increasing the binder content from 575 kg /uP  to 615 kg /nP  
reduces viscosity, with a more pronounced effect, when no fly ash is used.
Similarly, I tr ib lol decreases as the binder content increase's when no fly ash is used, 
but when fly ash is employed Itr ib lot remains almost constant as the binder content 
increases (Figure 7.12a). Giving the consideration that Itrib tnl is a function of the prop­
erties of both concrete; and the lubrication layer, this constant value of Itr ib ,ot (when fly 
ash is used) can be attributed  to the increase in Itribn  at high binder content, as demon­
strated  in Figure 7.12b. More specifically, an increase in the binder content is more 
likely to produce a thicker lubrication layer [2 1 ] and thus increase Itribn by increasing 
the viscosity of the lubrication layer (which is normally accompanied with a reduction in 
concrete viscosity). Further details concerning the interactions between the properties of 
the lubrication layer and the properties of concrete can be found in section 5.11.3.
The compressive strength results (presented in Table B.7) indicate tha t increasing 
the binder content increases the compressive strength for a given binder combination. 
For example, SCC7 and SCC8 , prepared with binder contents of 575 kg /n P  and 615 
kg /nP , exhibited compressive strengths of 92 M Pa and 97 MPa, respectively.
To conclude, increasing the binder content usually decreases viscosity but it is not al­
ways an effective way to reduce the flow resistance. As witnessed in this data analysis, 
it can result in higher Itr ib tot, especially when Class C fly ash is used. The compressive 
strength can be improved by increasing the binder content for a given binder combination.
Binder type
As presented in Figure 7.11, the results of the concrete mixtures coincide well with 
the research findings emanating from the CEM scale; replacing the GU cement by 25% 
Class C fl.V ash reduces viscosity. This reduction is more remarkable in the mixtures 
prepared with lower binder content, indicating the lower efficiency of using fly ash to 
reduce viscosity when high binder content is used (Figure 7.11). Like viscosity, Itr ib tot 
can be effectively reduced by replacing the GU cement by Class C’ fly ash. Again this effect 
becomes less significant when using higher binder content (of 615 kg/nP) as indicated in 
Figure 7.12a.
The compressive strength results of the tested mixtures (presented in Table B.3) 
coneure with those obtained through the CEM scale. As dem onstrated, the replacement 
of the GU cement by Class C fly ash reduces the compressive strength compared to a 
m ixture prepared only with silica fume.
In conclusion, replacing the GU cement, by 6 % silica fume and 25% Class C fly ash 
is an effecient method to reduce viscosity and flow resistance of concrete. This influence 
is more significant when low binder contents (of 575 kg/nr*) are used. In this respect, 
the choice of using Class C fly ash for further reduction in the viscosity or flow resistance 
should be carefully made based on the binder content in use.
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7.4.3 Influence of paste volume
The flowability of concrete is primarily affected by the paste volume as it greatly influ­
ences the number of interparticle interactions in the fresh matrix. Increasing the paste 
volume can enhance the flowability of concrete, but it also can reduce its stability. There­
fore, an optimal paste volume is a compromise between flowability and stability, a state 
achieved by proper suspension of aggregate within the mixture. The CEM investiga­
tion concluded that increasing the paste volume up to a certain limit (around 333 1/m3) 
reduces viscosity, after which only a slight reduction in viscosity is obtained. The inves­
tigation into paste volume was extended to concrete scale using various paste volumes 
and binder combinations. Three mixtures, SCC5, SCC4, and SCC6, with paste volumes 
of 350 1/m3, 375 1/m3, and 400 1/m3, respectively, were prepared with a blend of the 
GU cement and Class C fly ash replacement rate of 25% and silica fume substitution 
rate of 6%. Additionally, 2 mixtures, SCC7 and SCC8, with paste volumes of 350 1/m3, 
and 375 1/m3, respectively, were prepared without any fly ash replacement. All mixtures 
were proportioned with w /cm  of 0.28 and S/A  of 0.53. The HRWRA dose was adjusted 
to reach an initial slump flow of 745 ±  20 mm for SCC5, SCC4 and SCC6, and 700 ±  
10 for SCC7 and SCC8. Mix compositions, fresh properties, rheological and tribological 
properties of the tested mixtures are presented in Tables B.3-B.6.
As presented in Figure 7.13, the differential viscosity decreases as the paste volume 
increases from 350 1/m3, to 375 1/m3, but beyond this threshold it does not significantly 
change. This can be explained by the limited influence of the paste volume. In other 
words, up to certain limits, increasing paste volume augments the distance between aggre­
gates in a way that facilitates flow and lowers viscosity. Beyond these limits, an increase 
in distance induced by an increase in the paste volume does not significantly affect vis­
cosity. The test results displayed in Figure 7.13 are in accordance with those of the CEM 
scale, indicating that an increase in paste volume up to a certain value (depending on 
the other mix design parameters) reduces viscosity, while increasing the paste volume 
beyond this point does not lead to further reduction in viscosity. Nevertheless, the major
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F igure 7.13: Differential viscosity as a function o f paste volume o f the tested m ix­
tures using two binder combinations.
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difference between the results of CEM and concrete scales is that the limits of paste 
volume beyond which viscosity does not significantly change, are different. This can be 
attributed to the presence of the coarse aggregate in the concrete mixture, introducing 
substantial effects which cannot be captured through CEM mixtures. More specifically, 
the coarse aggregate affects concrete packing density, a key parameter of its rheological 
properties. Therefore, it is recommended to investigate the effect of variations in paste 
volume through concrete mixtures rather than mortars.
The correlations between the paste volume, I tr ib tot, and Itribn  of the tested mixtures 
are depicted in Figure 7.14. Similarly to viscosity, increasing the paste volume from 350 
1/m3 to 375 1/m3 reduces I tr ib tot, while increasing the paste volume from 375 1/m3 to 400 
1/m3 leads only to a slight increase in I t r i b fot. Because I tr ib tot is a function of I tr ib n , this 
increase can be attributed to the 22% increase in Itribn  when the paste volume increases 
from 375 1/m3 to 400 1/m3 (see Figure 7.14b). It is believed that the increase in paste 
volume leads to an increase in thickness of the lubrication layer [21]; in this context, the 
increase in Itribn  along with the increase in paste volume can be justified by the increase 
in the viscosity of the lubrication layer. In fact, the increase in viscosity of the lubrication 
layer seems more significant than the increase in its thickness, for concrete prepared 
without fly ash. This can be justified by the relationship between viscosity of concrete 
and viscosity of the lubrication layer. A sharp decrease in concrete viscosity (as in the 
case when no fly ash is used) can result in a sharp increase in viscosity of the lubrication 
layer. Further details concerning the interactions between the properties of concrete and 
lubrication layer are pointed out in section 5.11.3. The compressive strength results 
presented in Table B.7 demonstrate that the resistance is not significantly affected by 
changes in paste volume. This can be explained by the similar resistance of the aggregate 
and the hardened cement paste, which indicates that changes in the paste volume do not 
significantly affect the compressive strength.
In view of the previous discussion, it suffices to say that for each binder combina­
tion there is an optimal paste volume that results in minimum viscosity and total flow
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F igure  7.14: (a) Itrib tot rind (b) Itribn as a function of paste volume o f the tested 
mixtures for two binder combinations.
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F igure  7.15: Pressure loss at different discharges as a function o f paste volume in 
(a) 4-in pipes and (b) 5-in pipes.
resistance. Beyond this value, increases in paste volume do not further reduce viscosity 
or I tr ib tot significantly. Within the range of the investigated paste volumes, this optimal 
value was found to be around 375 1/m3 for concrete prepared with or without fly ash.
Considering the prime importance of paste volume on viscosity, its connection with 
pressure loss was anticipated. This connection was investigated through 3 mixtures: 
SCC12, SCC10, and SCC11, prepared with paste volumes of 358.5 1/m3, 382.5 1/m3, and
407.5 1/m3, respectively. The rheological and tribological properties presented in Tables 
B.21-B.23 indicate that viscosity and I tr ib tot decrease as the paste volume increases 
from 358.5 1/m3 to 382.5 /m 3, but beyond this point no significant decrease in viscosity 
and Itribtot are observed. The changes in viscosity and I tr ib tot due to changes in paste 
volume are directly reflected on the pressure loss of the pumped mixtures (Figure 7.15). 
In general, increasing the paste volume decreases the pressure loss, but again this effect 
has its limits. As demonstrated in Figure 7.15a, at a discharge of 8 1/s, an increase 
in the paste volume from 358.5 1/m3 to 382.5 1/m3 reduces the pressure loss by 39%, 
but a further increase in paste volume from 382.5 1/m3 to 407.5 1/m3 results in a 29% 
reduction.
As predicted, pressure loss decreases as the paste volume increases, but on the other 
hand, the stability of the pumped mixture is adversely proportioned to the paste volume. 
For example, SCC12 and SCC11, prepared with paste volumes of 358.5 1/m3, and 407.5 
1/m3, show initial segregation indexes, as expressed by the sieve stability test, of 7% and 
13%, respectively (Table B.20). From this perspective, special consideration should be 
given to the paste volume so that an optimal balance between the stability of the concrete 
mixture and pressure loss is guaranteed.
In conclusion, changes in pressure loss in relation to paste volume can be attributed 
to changes in viscosity and Itribtot. Increasing paste volume decreases pressure loss but 
can adversely influence the stability of pumped mixture. Finally, there is an optimal 
range of paste volume beyond which pressure loss does not significantly change.
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7.4.4 Influence o f M SA
In order to investigate the effect of MSA on rheological and tribological properties of 
concrete, 2 concrete mixtures (SCC10 and S C C ll)  were prepared with MSAs of 14 mm 
and 10 mm, respectively. The binder used was a blend of the GU cement with 25% Class 
C fly ash and 8 % silica fume. Both mixtures had a binder content of 600 kg/m  ! and 
w/cm  of 0.28. Complete details for mixture composition can be found in Table B.3.
Theoretically, increasing MSA increases the gaps between the fine and coarse ag­
gregate, resulting in a reduction in the packing density and thus higher viscosity. The 
experimental results concord with this theory; as shown in Figure 7.16a, viscosity in­
creases by 17% as MSA increases from 1 0  mm to 14 mm. Similarly, Itr ib tot increases by 
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Figure 7.16: (a) D ifferential v i sco s i ty  an d  (b) I t r i b (ot o f  te s te d  m ix tu re s  as  a func­
tion o f  M SA .
Besides the increase in viscosity and Itr ib tot, the results of the fresh properties 
dem onstrate that the risk of segregation increases with increasing MSA. For example, 
the segregation index increases by 23% as the MSA increases from 10 mm to 14 mm (Ta­
ble B.5). Moreover, the mixture prepared with MSA of 10 mm shows slightly a higher 
compressive strength than tha t prepared with MSA of 14 mm. This can be justified by 
a greater aggregate-paste interface surface area, resulting in a better adherence between 
the aggregate and the cement paste, and thus higher compressive strength.
No pumping tests were executed to investigate the effect of MSA on the pressure 
loss. However, since reducing MSA reduces viscosity and I tr ib lot, it is anticipated tha t 
reducing MSA will lead to a sizable reduction in the pressure loss.
To summarize, within the frame of the tested mixtures, reducing the maximum 
aggregate size from 14 mm to 10 mm is an efficient practice to reduce viscosity and 
Itrib lot of concrete. The effect of MSA is not independent of other aspects concerning 
the aggregate and sand granular distribution. Hence, the effect of MSA on the rheological
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and tribological properties can yield different effects than w hat has been found in this 
investigation, if different aggregate or sand are used.
7.4.5 Influence o f S /A
Proportioning and the granular characteristic of the sand and aggregate' are vital prop­
erties determining the packing density, and consequently, the viscosity of concrete. Gen­
erally, increasing the sand content improves the deformability of concrete, although this 
effect can vary depending on the granular distribution of the sand and aggregate. For 
example, two mixtures with the same aggregate and sand proportion but different gran­
ular distributions can yield entirely different rheological behaviors. Apart from the effect, 
of MSA presented in the previous section, the only sand and aggregate property investi­
gated at this stage was proportioning expressed as S/A. The effect of S/A  was explored 
through two stages using different constituent materials and ranges. In the first stage, 
3 mixtures, SCC17, SCC16, and SCC15, prepared with S/A of 0.47, 0.50, and 0.53, re­
spectively, were investigated. The resulting changes in viscosity and Itr ib lot as a function 
of S/A  are depicted in Figure 7.17. As demonstrated, increasing S/A from 0.47 to 0.50 
results in an increase in viscosity, while a further increase from 0.50 to 0.53 leads to a 
reduction. These changes in viscosity induced by increasing S /A  can be attribu ted  to 
variations in packing density, which is a straightforward function of the aggregate and 
sand size distributions and shapes. Ii.ribtot exhibits a behavior similar to th a t of viscosity 
and the minimum value is obtained a t S/A  of 0.53, as indicated in Figure 7.17b.
The effect of S /A  on pressure loss at different discharges is illustrated by Figure 7.18. 
As can be noticed, the variations of pressure loss in relation to  S/A coincide with the 
corresponding changes in viscosity and It,ribtot. For example, at a discharge rate of 8  
1/s, increasing S/A  from 0.47 to 0.53 increases viscosity by 27%, Itr ib tot by 17%, and 
pressure loss by around 26% (in 4-in pipes).
Figure 7.17: (a) Differential viscosity and (b) Itribtot and of SCC17, SCC16, and 
SCC15.
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F igure  7.18: Pressure loss at different discharges as a function o f S /A  for SCC17, 
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F igure 7.19: (a) Differential viscosity and (b) Itrib t„t as a function o f S /A  for 
SCCGM29, SCCGM28, and SCCGM30.
In the  second stage, the  investigation was extended to  cover another proportioning 
range through 3 m ixtures: SCCGM29, SCCGM28, and SCCGM30, prepared w ith S /A  
of 0.53, 0.56, and 0.59, respectively. These m ixtures were prepared w ith constituent 
m aterials different th an  those used in the  first stage. All m ixtures were prepared w ith a 
to ta l binder content of 575 k g /m 3 using the GU cem ent incorporated 25% Class C fly 
ash and 8 % silica fume replacem ents. T he w /cm  was fixed a t 0.28 and the  initial slum p 
flow, a t 725 ±  20 mm. Com plete mix com positions, fresh properties, and rheological and 
tribological properties are presented in Tables B.9-B.13.
Unlike the  results of the  first stage, th e  results of the  second one, presented in Figure
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7.19, clearly dem onstrate tha t viscosity decreases as S/A  increases. This reduction can 
1 >e a ttribu ted  to the improvement of the packing density induced by the increase in 
sand content, resulting in a facilitated flow. By comparing the viscosity variations of 
Figures 7.17 and 7.19, it can be inferred that increasing S/A  does not always reduce 
viscosity. Instead, there is an optimal range of S /A  in which viscosity is minimal.
No further investigation was undertaken at this stage, but it is believed that the optimal 
range is firmly reflated to the packing density of the granular system in question.
The results of It.ribtot are somewhat similar to  those of viscosity, as shown in Figure 
7.19b. Increasing S/A  from 0.53 to 0.56 does not significantly affect Itr ib lot, whereas 
increasing S/A  from 0.56 to 0.59 decreases Itribtot by around 23%. This reduction can 
be justified by the facilitated flow induced by the increased sand content in the mixtures. 
The compressive strength results presented in Table B.14 dem onstrate tha t no significant 
increase in compressive strength is obtained by increasing the S/A. Greater changes in 
S/A may result in more profound effects on compressive strength, bu t such trials did not 
form part of the presented study.
To summarize, changing S/A  can be an effective way to decrease viscosity and Itrib tol 
of concrete and thus pressure loss during pumping. Optimal values of S/A  vary widely 
depending on the characteristics and size distributions of the sand and aggregate em­
ployed. In this respect, performing a granular distribution analysis is indispensable in 
order to optimize sand and aggregate proportioning and minimize viscosity.
7 .4 .6  In flu en ce  o f  air c o n te n t
The effect of air content on viscosity and Itr ib tot was investigated through a single con­
crete mixture (SCC37) by increasing its air content during testing time. Several doses 
of an air-entraining agent were added every 30 minutes during the two-hour test. The 
tested m ixture was prepared with S /A  of 0.59, w /cm  of 0.28, and a blend of the GU 
cement and 8% silica fume with a to tal content of 618 kg/m 3. The initial air content be­
fore introducing any air-entraining agent was 2.3% and was measured a t 20 minutes after 
water-cement contact time. The air content and rheological and tribological properties 
were measured similtanneously at different testing ages. Considering tha t the HRWRA 
dem onstrated good workability retention for mixture similar to the tested one, the effect 
of workability loss on the rheological and tribological properties during testing time was 
neglected.
The resulting viscosity and I tr ib tot as a function of air content, are depicted in Fig­
ure 7.20. As dem onstrated, increasing the air content dramatically decreases viscosity: 
an increase of 4.3% (from 3.2% to 7.5%) decreases viscosity by 40%. The effect of air 
content is similar on Itribtot] an increase in air content from 3.2% to 7.5% results in a re­
duction of 26% in I tr ib tot, indicating tha t the air content yields somewhat lower effect on 
Itribtot than that on viscosity. The reduction in viscosity and Itr ib tot brought about by 
the increase in air content can be explained by the increased inter-particle distance and 
consequent increased volume ratio of the paste fraction created by higher air contents. In 
addition to this, the air bubbles act as small ball bearings by reducing the inter-particle 
friction and overall shear resistance of the concrete. Moreover, the air bubbles collapse 
and deform easily under shear forces, resulting in a considerable reduction in viscosity
[22]. In essence, the effect of air content in concrete can be understood on the basis of
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F igure 7.20: (a) Differential viscosity and (b) Itribn tis a {unction of air content 
for SCC37.
air bubble characteristics such as size, shape, and spacial distribution. These physical 
characteristics are also affected by the properties of the constituent materials in the con­
crete mixture and the mixing procedures. For example, the aggregate shape, gradation, 
surface properties, and quantity affect the size distribution of air bubbles by influencing 
the shearing and impact actions in the system during mixing. Also, an increase of fine 
materials passing sieve No. 100 (0.15 mm) decreases the air content, probably because of 
the decreased air bubble size caused by the shear action of particles whose sizes are close 
to air bubbles [23].
On the m icrostructure scale, it is believed tha t the spacing factor and maximum 
size of the air bubbles are decisive factors in stabilizing or destabilizing the fine particles 
and water droplets th a t form the lubrication layer. In other words, the properties of the 
lubrication layer including thickness and viscosity are directly affected by the character­
istics of the air bubbles in the mixture. This area of research is still open to investigation 
to determine the exact effect of air bubbles on the properties of the lubrication layer.
According to the previous correlations found between viscosity, Itrib tot and pressure 
loss, it is more than likely that an increase in air content will lead to a reduction in 
pressure loss. On the other hand, excessive air content may weaken the cohesive coating 
between the aggregate and paste, which in turn can increase the risk of segregation 
leading to other stability problems.
Through the pumping tests, only one mixture (SCC13) was employed to investigate 
the changes in air content, when air-entraining agent is used. Oddly enough, air content 
did not exhibit a significant change during the pumping cycles, as presented in Table
13.19. However, a reduction in viscosity and increase in yield stress, as described in 
section 6.12.3, can be reported.
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7.4.7 Slump flow consistency
Two groups of SCC mixtures were prepared in order to investigate the effect of slump 
flow consistency on the rheological and tribological properties of concrete and pressure 
loss. In the first group, 4 mixtures, SCCl. SCC2, SCC3-b, and SCC4-b, were prepared 
with the same compositions but different HRWRA contents to reach the target slump 
flows of 620 mm, 670 mm, 720mm, and 765 mm, respectively. A total binder content of 
575 kg/in '1 of the GU cement, with 6% silica fume, and paste volume of 375 1 /m 3 were 
used in these mixtures. MSA of 14 mm was used for all mixtures, while S/A  was fixed at 
0.53, and w/crn a t 0.28. Tables B.9-B.11 present the detailed m ixture proportions and 
consequent, fresh properties of the tested mixtures.
The resulting viscosity and I fr ib tot values in relation to slump flow are presented in 
Figure' 7/21. Both viscosity and the total flow resistance (Itr ib iot) are weakly influenced 
by the increase in slump How. This can be a ttribu ted  to the flow pattern of SCC in 
which yield stress (which mainly governs the slump flow) does not play a major role, as 
dem onstrated analytically and empirically in sections 5.11.1 and 6.10.1.
Yield stress as a function of slump flow is displayed in Figure 7.22a. As dem onstrated, 
yield stress remarkably decreases as slump flow increases. From a different angle, the 
fresh properties show th a t the decrease in yield stress can adversely affect the stability of 
the concrete; mixtures with higher slump flow display lower segregation resistance (see 
Table B.5).
The compressive strength results presented in Table B.7 indicate tha t increasing 
slump flow can slightly increase compressive strength. This increased value could be due 
to a better dispersion of the cement particles, resulting in higher compressive strength. 
However, the increase is too insignificant to w arrant further analysis.
Since the increase in slump flow is not well correlated with viscosity of SCC, it is 
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Figure 7.21: (a) Differential viscosity and (b) I t r i b t o t  of as a function of slump flow 
for SCCl, SCC2, SCC3-1), and SCC4-1).
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Figure 7.22: R ela t ion sh ip  be tw e en  th e  y ie ld  s tr e s s  an d  s lu m p  flow for (a) S C C l ,  
S C C 2 ,  S C C 3-b ,  an d  S C C 4-b;  a n d  (b )  for S C C 7 , S C C W ,  S C C l ,  a n d  SC C 2.
This theory was later supported through a second group of trials. Four mixtures, SCC7, 
SCC10, SC C l, and SCC2, were prepared with the same composition, but with slump flow 
values of G20 mm, 690 mm, 705 mm, and 780 mm, respectively. Complete rheological and 
tribological properties of the tested mixtures are listed in Tables B.21-B.23. Similarly to 
the results of the first group, the increase in slump flow is translated into a reduction in 
the yield stress (Figure 7.22b). Likewise, no clear relationship between slump flow and 
viscosity or Itr ib lot can be observed, as indicated in Tables B.21-B.23. Results from this 
group also yielded a negative correlation between slump flow and stability. It was found 
that the increase in the slump flow from 615 mm to  765 mm increases the segregation 
index by 64%, as presented in Table B.20.
Finally, the pressure loss at different discharges was measured for the second group 
of mixtures with variable slump flow (Figure 7.23). As predicted, the slump flow does 
not exhibit a clear effect on the pressure loss at the different discharge rates. This finding 
is in line with the results obtained from the analytical model presented in section 5.11.1 
and the empirical studies detailed in section 6.10.1.
Reflecting on the previous discussion, it suffices to say th a t the increase in slump 
flow of a concrete decreases its yield stress and has no significant effect on viscosity or 
Itribtot■ Despite tha t increasing slump flow results in a more workable concrete, it can 
adversely affect stability without benefiting the pressure loss. From a practical stand, 
workability and stability requirements, rather than the pressure loss, should be the main 
consideration in selecting the slump flow. In other words, the slump flow of concrete to be 
pumped should be carefully selected to attain  an adequate comprise between workability 
and stability before considering the rheological and tribological criteria.
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Figure 7.23: Pressure loss as a function o f slump flow at different discharges for 
SCC7, SCC 10, SCCl, and SCC2 in (a) 4-in pipes and (b) 5-in pipes.
7.4.8 Summary
W ith  th e  research findings of CEM  scale as input, the investigation was expanded to  the  
concrete scale w ith the  sam e goal of reducing pum ping pressure loss. The te st results 
dem onstrated  th a t viscosity, I tr ib tot and  consequently pressure loss can be effectively 
reduced by adjusting  the  mix design param eters. Among the  investigated param eters, 
w /cm  has the m ost significant effect. It was found th a t a 6% increase in w /cm  can cause 
a 5-fold reduction in viscosity, and th a t a 9% decrease can cause a 77% reduction in 
pressure loss.
T he use of cem entitious m aterials was proved an efficient approach to  reduce viscos­
ity. Replacing the  GU cement by 6% silica fume and 25% Class C fly ash can considerably 
reduce the  viscosity and I tr ib tot of concrete. This effect is more pronounced when low 
binder contents (around 575 k g /m 3) are used. T he results also revealed th a t the  choice 
of binder content is a  question of the  binder type in use. In general, increasing binder 
content can decrease viscosity and I tr ib iot bu t can also increase Itribn  depending on the 
type of binder used, such as when using fly ash.
It was also found th a t, generally, increasing the  paste volume decreases viscosity, 
I tr ib ,ot, and pressure loss. For every concrete mix, there is an optim al range of paste 
volume th a t results in minim um  viscosity and pressure loss. Beyond th is range, the 
pressure loss does not change significantly bu t can considerably reduce the  stab ility  of 
the  m ixture. Thus, paste  volume optim ization is considered a delicate balance between 
the  pressure loss and  stability.
T he investigation on th e  influence of MSA disclosed th a t reducing MSA decreases 
viscosity and I tr ib tot. T he effect of MSA on the  pressure loss was not assessed through 
pum ping trials, bu t because of the  positive correlations between viscosity, I tr ib tot and 
pressure loss, it is believed th a t reducing MSA reduces pressure loss.
T he results indicated th a t optim izing S /A  can be an effective practice to  reduce 
viscosity, I tr ib iot, and pressure loss. Generally speaking, for S /A  higher than  0.50. an
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increase in S/A  results in a decrease in the viscosity, Itr ib lnl, and pressure loss. However, 
the optimal range of S /A , which results in the minimum viscosity and Itr ib lol, varies 
depending on the characteristics and size distributions of the sand and aggregate' in use.
The air content analysis dem onstrated tha t increasing the air content severely de­
creases viscosity and I t r ib to t ,  whereas excessive air content can remarkably reduce' the' 
stability of the mixture'. Due to the multituele pexssibilitv of air systems for a given 
air content, characterization e)f the air bubbles can proviele be:tte:r unele'rstanding eef the 
underlying reasons be'hind viscosity reduction.
Finally, a firm correlation was found between the slump flew and yie'lel stress, wheneas 
ne> meaningful relationships could be established between the slump flew and visceisity, 
Itr ib tot, or pressure: loss. An increase in the slump flow (brought abemt bv ine'reasing 
HRWRA) eloes not hold a substantial effect on pressure loss reduction, but it can signifi­
cantly ek'crease the stability of the pumped mixture. The'refore, workability and stability 
re:ejuire:ments, rather than the pressure loss, should be' the main consideration in selex'ting 
the slump flow of the pumpeel mixture.
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8.1 Conclusions of this research project
After a long journey of exploring the flow pattern of SCC and HWC in pipes and devel­
oping a solid understanding of the key param eters governing this flow, time has come to 
conclude this PhD dissertation and highlight its most significant findings. The follow­
ing sections outline the conclusions of the analytical, statistical, and empirical studies 
provided by the last three chapters.
8.1.1 Properties o f the lubrication layer
The analysis presented in section 5.6 dem onstrated th a t concrete flow behavior in pump­
ing pipes can be successfully simulated by means of tribological tests. On this basis, a 
new analytical formula was derived to calculate the thickness and viscosity of the lubri­
cation layer. The properties of the lubrication layer were shown to  be functions of the 
rheological properties of concrete and the applied stress in the tribom eter’s gap. Addi­
tionally, new tribological parameters were educed to describe the concrete flow resistance 
in the tribom eter gap. The derived tribological parameters dem onstrated high proficiency 
(through the experimental phases) in quantifying the concrete flow resistance in pumping 
pipes.
8.1.2 C oncrete flow in pipes
The analyses undertaken in Chapter 5 showed that different flow behaviors can be char­
acterized across the pipe section, depending on the pumping pressure, the properties of 
both concrete and the lubrication layer, and the distance from the pipe center. In the 
case of highly-flowable concrete, three zones with distinctive flow characteristics can be 
defined across the pipe section. In the first zone, the plug, the concrete moves along the 
pipe without being sheared, and in the second zone, the sheared concrete, the concrete 
section is entirely sheared as it moves along the pipe. The third zone, the lubrication 
layer, displays unique physical and flow characteristics compared to the other two zones. 
The analyses proved th a t the different flow zones across the pipe section can be analyt­
ically identified with the properties of both concrete and the lubrication layer. It was 
well established tha t the boundaries between these zones and their velocity profiles are 
complex functions of the properties of both concrete and the lubrication layer, and the 
pipe diameter. Using these affecting param eters, the contribution of each flow zone to 
the total flow rate across the pipe were precisely determined.
8.1.3 A nalytical pressure prediction m odel
A master analytical formula to compute the pressure loss was derived in function of the 
rate, the rheological properties of both concrete and the lubrication layer, thickness of 
the lubrication layer, and pipe radius. The resulting formula is analytically grounded 
and can be applied to any type of highly-flowable concrete, obeying Bingham behavior. 
The effects of several parameters on the pressure loss, including the properties of both 
concrete and the lubrication layer, and the pipe size, were investigated independently
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through the analytical model. The interactions between these param eters in relation to 
t he pressure loss were also examined.
The analysis revealed tha t, in highly-flowable concrete, viscosity plays a fundamental 
role in determining the pressure loss, whereas yield stress displays only a minor effect.
The correlations between the properties of the lubrication layer and the pressure loss 
disclosed t hat pressure loss increases with the viscosity of the lubrication layer while it 
decreases with increasing its thickness.
The analysis also showed that, for a given pressure loss, the lubrication layer prop­
erties are not only interdependent, but they also depend on concrete viscosity. The 
thickness of the lubrication layer increases with its viscosity. On the other hand, if a 
constant discharge rate is assumed, an increase in concrete viscosity results in a decrease 
in the viscosity and an increase in the thickness of the lubrication layer. This decrease is 
sharp for concrete viscosities below 30 Pa s, while it becomes less significant beyond this 
range. As a result, variations in concrete viscosity can induce different changes in the 
viscosity and thickness of the lubrication layer, leading to opposite effects on the pressure 
loss.
A part from the m aterials properties, the pipe diam eter was proven to be influential 
param eter on pressure loss to a significant extent. For a given discharge, increasing the 
pipe diam eter decreases pressure loss, but it can also lead to a reduction in the thickness 
of the lubrication layer and thus an increase in the pressure loss.
The analyses also revealed that, among the studied parameters viscosity is the most 
influential property on pressure loss followed by the thickness of the lubrication layer and 
its viscosity. On the other hand, yield stress of both concrete and lubrication layer only 
have a little influence on pressure loss.
The different effects of the parameters incorporated in the analytical model were 
presented through a set of contour diagrams (Figures 5.7-5.16). These diagrams bring to 
life a new promising approach that can determine the pressure loss for a wide range of 
concrete rheological properties and pipe sizes.
8.1.4 Pum ping pressure loss and rheological and tribological 
properties
The results of the analytical study were further confirmed through the full-scale pump­
ing tests conducted a t the laboratory of the Universite de Sherbrooke (Chapter 6). In 
the ease of SCC and HWC, a solid positive correlation at different discharge rates exists 
between the pressure loss and viscosity. For CVC, the scenario changes, and instead, 
yield stress is strongly related to the pressure loss while viscosity has only a minor effect. 
The tribological param eters measured in the tribom eter (Itribn , Itr ib co, Itrib lot) demon­
strated cogent relationships with pressure loss. The derived tribological param eters were 
proved definitive indicators of the variations in the properties of the lubrication layer and 
their influences on the pressure loss.
8.1.5 Job-site estim ation  o f pressure loss
Through the several empirical correlations established during the full-scale pumping tests, 
simple test methods were introduced to determine the pressure loss in field. The test
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method varies according to the concrete type: the V-funnel test is adapted for SCC and 
HYVC and the slump test for CVC. The outstanding advantage of these approaches is 
that the pressure loss can be easily estim ated on job sites without the need for complex 
rheological and tribological measurements.
8.1.6 Statistical m odels to  calculate pressure loss
Applying the same full-scale pumping test results as input, critical statistical analyses 
were undertaken in order to quantify the influence of concrete properties on pressure loss. 
Both viscosity and Itribn  proved highly influential param eters on pressure loss; among 
both affecting parameters, viscosity has the highest effect followed by the increasing effect 
of Itribn with decreasing the pipe diameter. The statistical analyses also dem onstrated 
that pressure loss can be accurately predicted on the basis of viscosity and Itribn  °f 
concrete. Statistical models for two pipe sizes were derived to determine the pressure 
loss as a function of the viscosity and Itribn  of concrete. Incorporating Itribn improved 
the accuracy of the models by representing the influence of the lubrication layer on the 
flow resistance. Another statistical model to calculate the pressure loss was educed as a 
function of the V-funnel time. The simplicity of the V-funnel test makes this statistical 
model one of the most advantageous to predict the pressure loss on job sites w ithout the 
need for rheological and tribological machinery.
8.1.7 T he pipe flow test (P F T )
A new test method was developed to simulate the flow behavior of concrete in pipes (sec­
tion G. 14). Test results showed tha t the flow time measured in the P F T  is well correlated 
with the viscosity of concrete. The obtained correlation can be successfully extended 
to predict the pumping pressure loss, using existing relationships between viscosity and 
pumping pressure loss. This makes the P F T  a practical tool to predict both viscosity 
and pressure loss on job sites without undertaking typical rheological and tribological ex­
periments. One of the distinct privilege of the PFT  over the standardized test methods 
used to predict pressure loss (such as the V-funnel test) is tha t the lubrication layer is 
fully developed through the testing procedures, resulting in more precise readings of the 
estim ated pressure loss.
8.1.8 Influence o f pum ping on concrete properties
The changes in concrete properties due to prolonged pumping were assessed during the 
full-scale pumping experiments conducted at the laboratory of the Universite de Sher­
brooke (section G.12). The test results signified the changes in concrete tem perature and 
air content with pumping time. Concrete tem perature was shown to increase with pump­
ing duration due to the accumulation of the dissipated heat generated by the solid-solid 
particles interactions in the viscous flow. Tem perature was also found to increase with 
the discharge rate because of the increased number of particles interactions at higher 
discharge rates. Air content also exhibited an increase with pumping pressure, bu t no 
definitive justification could be found. The changes in concrete tem perature and air con­
tent were hypothesized to be the prim ary causes of the observed changes in viscosity
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and yield stress. Viscosity displayed a significant reduction during pumping while yield 
stress exhibited an increase in most cases. The changes in the tribological properties can 
be summarized by an increase in Itribn  and a reduction in Itr ib co and It,ribtol. These 
two parameters were found to be directly related to the thickness and viscosity of the 
lubrication layer during pumping.
8.1.9 R educing pum ping pressure
The experience gained from the full-scale pumping tests was applied one last to  direct 
the optimization phase of the project (Chapter 7). Beginning on the CEM scale and 
continuing later on the concrete scale, viscosity and tribological resistance were targeted 
for reduction bv optimizing several mix design parameters. The results revealed th a t 
pumping pressure can be most effectively reduced by increasing w /cm , but due to the 
accompanied reduction in stability and strength, it was not considered the most favorable 
method. The use of cementitious materials was found to  remarkably reduce viscosity and 
consequently the pressure loss. A replacement level of 6% silica fume can reduce viscosity 
by 50%, while a substitution level of 25% Class C fly ash or 15% Class F fly ash can reduce 
viscosity by 30%, and 10%, respectively, relevant to the reference m ixture prepared with 
only GU cement. Class C fly ash therefore proved more efficient than Class F for viscosity 
reduction. A replacement of the GU cement by a blend of 6% silica fume and 25% Class 
C H.v ash can further decrease CEM viscosity by 30% without significantly decreasing 
its compressive s treng th .  On the contrast, slag was found inappropriate for pumping 
applications as it results in undue shear thickening behavior and leads to reduction in 
the compressive strength.
W ith the research findings of CEM scale as input, the investigation was expanded 
to the concrete scale with the same goal of reducing pumping pressure loss. The results 
indicated th a t the effect of the investigated cementitious materials is more pronounced 
when high binder contents are used. Although increasing binder content can decrease 
viscosity and Itrib lot, it can also increase Itribn. Therefore, the choice of the binder 
content is a straightforward question of the binder type in use.
The investigation into the influence of the paste volume disclosed that, depending 
on the binder in use, increasing the paste volume can dramatically reduce viscosity, 
and as a consequence the required pumping pressure. However, beyond certain limits, 
increases in paste volume have no sizable effect on pressure loss, but can increase the risk 
of segregation and cause other instability issues. Therefore, for every mix design there 
exists a range of paste volumes in which flowability and stability are in harmony; outside 
of this range the concrete becomes less appropriate for pumping applications.
The study on the granular effect proved that, optimizing the granular system of the 
mixture can be an effective practice to reduce viscosity, Itrib tot, and thus pressure loss. 
It, was observed that the influence of MSA varies in function of the granular distributions 
in place. Although, the general trend indicated a decrease in viscosity, Itr ib toi, and 
consequently pressure loss with decreasing MSA. Adjusting S/A  was also found to be 
a practical way to decrease pumping pressure. As with MSA, increasing S/A  does not 
always cause a reduction in pressure loss; instead optimal values of S/A  can vary widely 
depending on the granular characteristics in use.
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Finally, a firm correlation was found between the slump flow and yield stress, whereas 
no meaningful relationships could be established between the slump flow and viscos­
ity, Itr ib tol, or pressure loss (except for CVC). Although an increase in the slump flow 
(brought about by increasing HRWRA) does not hold a substantial effect, on reducing the 
pressure loss, it can significantly decrease the stability of the pumped mixture. Therefore, 
workability and stability requirements, rather than the pressure loss, should be the main 
consideration in selecting the slump How of the pumped mixture.
8.1.10 C om parison of pum pability o f different types of 
concrete
Because of their markedly different pipe flow characteristics, SCC and CVC yield similar 
yet at times contrary relationships. It was observed th a t CVC exhibits a linear correla­
tion between pressure loss and discharge rate, while SCC exhibits a slightly non-linear 
relationship. The diverging behavior patterns of the two materials is best exemplified 
when considering pumping effect. For SCC, in most, cases, pressure loss decreases con­
tinuously a t early stages of pumping, while it tends to increase after a certain period of 
time during pumping. Tin; decrease in the pumping pressure at early stages of pumping 
can be related to the reduction in viscosity associated with prolonged pumping. On the 
other hand, the increase in the pressure loss at late stages in the pumping operation can 
be attributed  to the changes in tribological properties brought, with prolonged pumping.
In the range of CVC, the scenario changes since the yield stress is the most influential 
param eter on pressure loss. The increase in yield stress due to pumping can lead to  an 
increase in pressure loss.
The time evolution of pressure less in HWC during pumping can be considered less 
significant than those in SCC or CVC. These less im portant changes in the pressure loss 
of HWC during pumping can be attributed the characteristic of its flow, in which both 
viscosity and yield stress play a significant role.
Because of its unique ability to decrease pressure loss with pumping distance, SCC 
becomes a preferable choice for high-rise and other long-distance pumping applications. 
The only risk for long-distance SCC pumping remains the increased instability of the 
mix, an effect brought, by the decreasing viscosity of pumped mixture with time. CVC 
on the other hand can increase pressure loss with pumping time, and therefore special 
care should be applied to prevent the potential occurrence of blockages.
8.1.11 C losing remarks
As can be gathered after reading the pages of this dissertation, the science of pumping 
SCC is far removed from the rudimentary notions th a t guided its early design efforts. 
The complicated flow environment in pumping pipes lent itself nicely to research efforts 
directed towards developing models to predict and reduce pressure loss. The outcome of 
this research will hopefully put into practice indispensable lessons on pumping SCC and 
help the concrete industry to  push modern pumping technologies one step further.
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8.2 Future research
8.2.1 Lubrication layer
A model was derived in this research project to determine the thickness and rheological 
properties of the lubrication layer with the help of tribologieal and rheological experi­
ments. Unfortunately, validation of this model using two tribometers could not be com­
pleted due to some technical difficulties. Validating the proposed model and empirically 
determining the properties of the lubrication layer would be useful research work in the 
future.
8.2.2 Correlation betw een the properties of concrete and  
lubrication layer
Since the lubrication layer is a product of the shear effect in concrete, a certain link 
exists between the concrete constituent materials and the viscosity and thickness of the 
lubrication layer. As this correlation cannot be captured through analytical modeling, 
experimental studies are needed to define the relationship between the properties of the 
lubrication layer and the properties of the concrete constituent materials.
8.2.3 P ip e  m aterial
Most, pipes available on the market are made of steel. Future structural applications 
intend to replace existing pipes with more "handy" types of pipes in terms of weight 
and cost. Determining the pressure loss in pumping pipes made of materials different 
than steel, for example PVC or rubber, will open the door for new pumping applications 
geared toward reaching places tha t are difficultly accessed with traditional steel pipes.
8.2.4 P ip e  flow test
The pipe flow test developed in this investigation showed tha t the flow time in the testing 
pipe is well correlated with the viscosity and tribologieal properties of the tested concrete. 
Since these properties correlated with the flow time are well correlated with pressure loss, 
the flow tim e can be considered as an indication of pressure loss during pumping. From 
this perspective, the pipe flow test can be a practical tool to determine the pressure 
loss of concrete without the need for complex rheological and tribologieal experiments. 
Further validation of this theory on a full-scale pumping circuit is needed.
8.2.5 Air content and characterization
At many occasions during this investigation, changes in air content and system were 
considered to  have a high impact on the rheological propert ies of concrete. At this point, 
researchers are able to identify several mechanisms through which the air can possibly 
affect the rheological properties, but solidly affirming through empirical investigations 
has proved difficult. This leaves open avenues for further research to fully understand 
the underlying mechanisms of these changes during pumping.
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8.2.6 Long-distance pum ping
During the pumping tests, each test was carried out over a certain period of time, which 
could not be exceeded due to some technical restraints. In practice, pumping can be 
continued for a long period of time, especially in very long circuits (above 3000 m, as in the 
cases of grout pumping down in mines, for example). Consequently, the flow behavior of 
concrete' can significantly change due to the prolonged pumping, with a higher magnitude 
than tha t observed during short-time pumping. This change' in the flow behavior can 
lead to im portant changes in the pressure' loss along the stream line over time. Further 
investigation is still needed to look into the change's in the flow behavior associated with 
long-distance [jumping and their effect on pressure* loss along the pipe line's.
8.2 .7  P um pability  o f different types o f concrete
Different, types of concrete including SCC, HWC, and CVC we're tested in thee [jumping 
circuit. The: results of this research and those of a previous rese'arch carried out by Feys 
(2009) yield similar yet a t time:s different correlations. Some' of these difference's cam be 
attribu ted  to the sensitivity of concrete, especially SCC and HWC, to the changes in 
the constituent materials and admixtures, which vary from country to another and even 
from a region to another. Research should therefore be continued to establish a wider 
database on the performance of SCC (and other type's of highly-flowable concrete) in 
pumping pipes for a wider range of concrete constituent materials and admixtures.
8.2.8 Effect o f pum ping on long-term  properties o f concrete
The- high shear effect induced during pumping can significantly affect the rheological 
and fresli properties of concrete. Most of these changes are associated with changes in 
the air content and tem perature in the pumped concrete. In this context, the effect of 
[jumping on the fresh properties can extend to the durability and long-term properties 
in concrete. A more comprehensive study is therefore needed to disclose the correlations 
between pumping and the long-term properties of concrete, and to evaluate the effect of 
pumping on the durability properties in pumped concrete.
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8.3 Conclusions generate
Apres une longue exploration chi modele d ’ecoulement de la BAP dans les tuvaux et 
developper line comprehension solide des param etres cles regissant ce flux, le temps est 
venu de rondure  cette these et m ettre en evidence ses resultats les plus significatifs. 
Les sections suivant.es deerivent les conclusions des etudes analytitjues, statistiques et 
empiriques fournies ])ar les trois derniers ehapitres.
8.3.1 Proprietes de la couche de lubrification
L’analyse presentee dans la section 5.6 demontre que le comportement de recouleinent 
du beton dans les tuyaux de pompage pent etre simule avec sucres au inoven de tests 
tribologiques. Sur cette base, unc nouvelle formule analytique a etc derivee pour calculer 
l’epaisseur et. la viscosite de la couche de lubrification. Les proprietes de la couche 
de lubrification ont ete presentees comme des fonctions des proprietes rheologiques du 
beton et du couple applique a l’ecart du tribometre. En outre, les nouveaux param etres 
tribologiipies sont deduits pour decrire la resistance a recouleinent. du beton a l’ecart, 
du tribom etre. Les param etres tribologiques derives ont montre une grande maitrise (a 
travels les phases experimentales) pour quantifier la resistance a recouleinent du beton 
dans l’eeoulement du beton dans les tuyaux de pompage.
8 .3 .2  E c o u lem e n t d u  b e to n  d a n s les tu y a u x
Les analyses realisees au C hapter 5 ont montre que les differents eomportements de flux 
peuvent etre characterises, en fonction de la pression de pompage, les proprietes a la fois 
du beton et la couche de lubrification, et la distance du centre du tube. Dans le cas du 
beton tres ffuide, trois zones ayant des caracteristiques distinct,ives de flux peuvent etre 
definies a travers la section du tuyau. Dans la premiere zone, le bouchon, le beton se 
deplace le long du tuyau sans etre cisaille, et dans la deuxieme zone, le beton cisaille, qui 
est entierement cisaille lorsqu’il se deplace le long du tuyau. La troisieme zone, la couche 
de lubrification, presente des caracteristiques physiques et de flux uniques par rapport 
aux deux autres zones. Les analyses ont montre que les differentes zones d'ecoulement 
a travers la section du tuyau peuvent etre analytiquem ent identifiecs jiar les proprietes 
a la fois du beton et de la couche de lubrification. II a ete bien etabli que les frontieres 
entre ces zones et leurs profils de vitesse sont des fonctions complexes des proprietes a 
la fois du beton et la couche de lubrification et le diam etre du tuyau. En utilisant ces 
parametres affeetants, la contribution de chaque zone d ’ecoulement pour le debit total a 
etc determinee avec precision a travers le tuyau.
8.3.3 M odele analytique de prediction de pression
Une formule analytique prineipale pour calender la perte de charge a ete deduite en fonc­
tion du debit, des proprietes a la fois du beton et la couche de lubrification, et le ravon de 
la conduite. La formule resultante est analytiquement bien etablie et pent etre appliquee 
a tout type de beton tres ffuide, en supposant que le comportement Bingham. Les effets 
de plusieurs param etres sur la perte de pression, y compris les proprietes a la fois du
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beton et la couche de lubrification, et la taille du tuvau, ont ete etudies de faqon in- 
depenclante par le modele analytique. Les interactions entre ces param etres par rapport 
a la perte de pression ont egalement ete examinees. L’analyse a revele que, dans le beton 
tres fluide, la viscosite joue un role fondamcntal dans la determination de la perte de 
pression, tandis que la lirnite d ’elastieite est affiche un effet negligeable. Les correlations 
entre les proprietes de la couche de lubrification et de la perte de pression revele que la 
perte de pression angmente avec la viscosite de la couche de lubrification tandis qu'elle 
diminue avec l’augmentation de son epaisseur. L’analyse a egalement montre (jue les 
proprietes de la couche de lubrification sont non seulement interdependantes, mais elles 
dependent aussi de la viscosite du beton. L’epaisseur de la couche de lubrification aug- 
ment(' avec la viscosite. D ’autre part, une augmentation de la viscosite du beton resulte 
de la diminution de la viscosite et de l’augmentation de l’epaisseur de la couche de lu­
brification. C ette baisse est forte pour des viscosites de beton inferieures a 30 Pa s, alors 
qu ’elle devient moins im portante au-dela de cette fourchette. En consequence', les varia­
tions de la viscosite du beton peuvent induire differentes variations de la viscosite et de 
l’epaisseur de la couche de lubrification, ce qui conduit a des effets opposes sur la perte de 
pression. O utre les proprietes des materiaux, le diametre du tuyau a ete prouve pour etre 
1111 param etre influent sur la perte de pression dans une large mesure. L’augm entation 
du diametre du tuyau diminue la perte de pression, mais elle pent, aussi conduire a une 
reduction de l’epaisseur de la couche de lubrification et done, une augmentation de la 
perte de pression. Les differents effets des parametres integres dans le modele d ’analyse 
ont ete presentes par un ensemble de diagrammes de contour (Figures 5.7-5.16). Ces 
diagrammes donnent vie a une nouvelle approche prom etteuse qui peut determiner avec 
precision la perte de pression pour une large gamme de proprietes du beton et de la taille 
des tuyaux.
8.3.4 P erte de pression de pom page et les proprietes 
rheologiques et tribologiques
Les resultats de l’etude analytique ont ete confirmes par les essais de pompage a grande 
echelle Les tests effectues au laboratoire de l’Universite de Sherbrooke (Chapter 6). Dans 
le, cas de BAP et HWC, une correlation positive solide a differents debits existe entre la 
perte de pression et la viscosite. Pour BC, les changements de scenario, et a la place, 
la lirnite d ’elasticite est fortement liee a la perte de pression tandis que la viscosite n ’a 
(pi’un effet mineur. Les param etres tribologiques mesures dans le tribom etre (Itr ib u , 
It.ribro, I tr ib t„t) ont demontre des relations convaincantes avec la perte de pression. Les 
param etres tribologiques derives ont ete prouves indicateurs definitifs des variations dans 
les proprietes de la couche de lubrification et de leurs influences sur la perte de pression.
8.3.5 E stim ation  de la perte de pression sur le chantier
A travers les quelques correlations empiriques etablies au cours des essais de pompage a 
grande echelle, methodes d ’essai simples ont ete introduites afin de determiner la jrerte de 
pression dans le domaine. Le test methode varie selon le type de beton: V-entonnoir est 
adapte pour la BAP et HWC et l’essai de tassement pour BC. L’avantage exceptionnel de
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ccs approches est que la perte de pression pent etre facilement estimee sur les chantiers 
sans avoir besoin de coinplexe mesures rheologiques et tribologiques.
8.3 .6  Les m odeles statistiques pour calculer la perte de 
pression
En appliquant les memes resultats d ’essais de pompage a grande echelle en entree, les 
analyses statistiques essentielles ont ete menees afin de quantifier l’influence des proprietes 
du beton sur la perte de pression. Les deux viscosites et Itribu  sont prouves comme 
param etres tres influents sur la perte de pression; parmi les deux param etres affect.ants, 
la viscosite a 1’effet, le plus eleve, suivie par l’effet de l’augm entation dans Itribu  avec 
la diminution du diam etre du tuyau. Les analyses statistiques ont egalement montre 
que la perte de pression pent etre predite avec precision en fonction de la viscosite et 
It.ri.bu de beton. Les modeles statistiques pour deux tailles de tuyaux ont ete calcules 
pour determiner la la perte de pression en fonction de la viscosite et Itribu de beton. 
Integrer Itribu  ameliore la precision des modeles en representant, l’influence de la couche 
de lubrification sur la resistance a l’ecoulement. Un autre modele statistique pour le 
ealeul de la perte de charge a ete deduit comme fonction du temps V- entonnoir. La 
simplicity du test V- entonnoir rend ce modele statistique l’un des plus avantageux pour 
predire la perte de pression sur les chantiers sans avoir besoin de machines rheologiques 
et tribologiques.
8.3 .7  Test d ’ecoulem ent dans la conduite ( P F T  )
Une nouvelle methode de test qui simule l’ecoulement dans les tuyaux en beton a ete 
developpee au laboratoire de l’Universite de Sherbrooke (section 6.14). Les resultats des 
tests ont montre que le tem ps d ’ecoulement par le P F T  est bien correle avec la viscosite 
e t les proprietes tribologiques du beton teste. Ces proprietes peuvent ensuite reflechir 
sur la perte de pression de pompage, ce qui donne un outil precis de predire la perte de 
pression au moyen de procedures de tests simples. Un des privileges distincts de la PFT  
sur les methodes d ’essai normalisees utilisees pour predire la perte de pression (comme 
le test de l’entonnoir V) est que la couche de lubrification est entierement developpee 
par les procedures d ’essai, ce qui entram e des lectures plus precises de la perte de charge 
estimee. Toutefois, d ’autres tests sur un essai de pompage a grande echelle sont encore 
necessaires pour valider la methode d ’essai PFT.
8.3 .8  Influence du pom page sur les proprietes du beton
Les changements dans les proprietes du beton en raison du pompage prolonge ont ete 
evalues au cours des experiences de pompage a grande echelle effect uees au laboratoire de 
l’Universite de Sherbrooke (section 6.12). Les resultats des tests signifiaient les change­
ments de tem perature du beton et de teneur en air en fonction du temps de pompage. La 
tem perature du beton a ete montree pour augmenter la duree de pompage en raison de 
1’accumulation de la chaleur dissipee generee par l’interaction des particules solide-solide 
dans l’ecoulement visqueux. La tem perature a ete egalement constate qu’elle augrnen- 
ta it avec le taux de decharge en raison de l’augm entation du nombre des interactions de
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partieules a debit superieur. La teneur en air presentait egalement une augmentation 
de la pression de pompage, mais pas de justification definitive n ’a pn etre trouve. Les 
variations de la tem perature du beton et de la teneur en air ont einis l’hypothese d ’etre 
les prineipales causes des changements observes dans la viscosite et le seuil de cisaille- 
ment. La viscosite affichait une reduction significative pendant le pompage pendant que 
la lirnite d ’elasticite presentait une augmentation systematique. Les changements dans les 
proprietes tribologiques peuvent etre resumes par une augmentation dans Itribu  et une 
reduction de la Itribc0 et Itr ib iot. Ces deux param etres ont ete trouves a etre directement 
lie a l’epaisseur et la viscosite de la couche de lubrification pendant le pompage.
8.3.9 R eduction de la pression de pom page
L’experience acquise lors des essais de pompage a grande echelle a ete appliquee une 
derniere fois pour diriger la phase d ’optimisation du projet (Chapter 7). En commengant, 
a l’eehelle CEM et en poursuivant plus ta rd  sur l’echelle de beton, la viscosite et la resis­
tance tribologiques ont ete cibles pour la reduction en optimisant plusieurs param etres 
de formulation. Les resultats ont revele que la pression de pompage peut etre plus effi- 
cacement reduite en augm entant w/crn, mais en raison de la diminution accompagnee de 
la stabilite et de la force, il n ’a pas ete considere comme la methode la plus favorable. 
L’utilisation de materiaux a base de ciment a ete trouvee pour reduire remarquablement 
la viscosite et par consequent, la perte de pression. Un niveau de remplacement de 6% 
de fumee de silice peut reduire la viscosite de 50%, alors qu’un taux de substitution 
de 25% de cendres volantes de classe C, soit 15% de eendres volantes de classe F peut 
reduire la viscosite de 30% et 10%, respectivement, en rapport avec le melange prepare 
avec reference avec seulement le ciment GU. La classe C de cendres volantes s ’est done 
averee plus efficace (pie la classe F pour la reduction de viscosite. Un remplacement 
du ciment GU par un melange de 6% de fumee de silice et 25% Classe C de cendres 
volantes peut encore diminuer la viscosite CEM de 30% sans diininuer significativement 
sa resistance a la compression. Sur le contraste, le laitier etait inadapte pour les applica­
tions de pompage tel qu’il resulte du comportement de l’epaississement de cisaillement 
excessif et conduit a  une reduction de la resistance a la compression. Avec les resultats 
de recherche d ’echelle CEM en entree, l’enquete a ete elargie a l’echelle du beton avec le 
meme objectif de reduire la perte de pression de pompage. Les resultats indiquent que 
l’effet des materiaux cimentaires etudies est plus prononce lorsque d('s teneurs elevens 
de Hants sont utilisees. Bien que l’augmentation de Hants peut diminuer la viscosite et 
Itr ib lot, elle peut aussi augmenter Itribu■ Par consequent, le choix de la teneur en liant 
est une simple question du type de liant utilise. L’enquete sur l’infhience du volume de 
pate a revele que, selon le liant utilise, ce qui augmente le volume de la pate permet de 
reduire considerablement la pression de pompage requise. Cependant, au-dela de eer- 
taines limites, l’augmentation de volume de pate n ’a pas d ’effet considerable sur la perte 
de pression, mais peut augmenter le risque de segregation et causer d ’autres problemes 
d ’instabilite. Par consequent, pour chaque conception de melange, il existe une gamme 
de volumes de pate dans laquelle la fluidite et la stabilite sont en harmonic, en dehors de 
cette plage, le beton devient moins approprie pour les applications de pompage. L’etude 
sur l’effet, granuleux prouve que l’optimisation du systeme granulaire du melange peut 
etre une pratique efficace pour reduire la viscosite, Itr ib tot, et done la perte de pression.
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Cela a ete observe que l’infiuence du MSA varie en fonction des distributions granulaires 
('ii place. Bien que la tendance generale indiquait une diminution de la viscosite, Itr ib tot, 
et perte de pression avec la baisse MSA. Le reglage S/A  a egalement ete trouve pour etre 
un moyen pratique pour diminuer la pression de pompage. Comme avec MSA, en aug- 
m entant S/A  ne provoque pas toujours une reduction de la perte de pression; les valeurs 
optimales au lieu de S/A peuvent varier considerablement en fonction des caracteristiques 
granulaires utilisees. Enfin, une correlation ferine a ete trouvee entre l’affaissement et la 
lirnite d ’elasticite, alors qu’aucune des relations significatives ne pourraient etre etablis 
entre le flux de tassement et de la viscosite, Itrib ioi, ou la perte de pression. Bien que 
l’augmentation du flux de tassement (provoquee par l’augmentation HRWRA) ne deti- 
enne pas un effet im portant sur la reduction de la perte de pression, il peut diminuer 
de fagon significative la stabilite du melange pompe. Par consequent, les exigences en 
inatiere de maniabilite et de stabilite, plutot que la perte de pression, doivent etre la 
principale consideration dans le choix du flux de tassement du melange pompe.
8.3.10 Com paraison des B A P  et BC
En raison de leurs tres differentes caracteristiques d ’ecoulement des tuyaux, BAP et BC 
ont un rendement similaire encore, parfois des relations contraires. II a ete observe que, 
dans la plupart des cas, BC presente une correlation lineaire entre la perte de charge et la 
decharge, tandis que BAP presente une relation legerement, non lineaire. Les divergences 
de comportements des deux materiaux est le meilleur exemple lorsque l’on considere 
l’effet de pompage. Parce que la viscosite diminue le seuil de cisaillement et augmente 
le rendement prolonge avec le pompage, la pompabilite de BAP est amelioree avec le 
temps tandis que celle de BC est finalement calmee. C ’est cette capacite assez unique 
de BAP de diminuer la perte de pression a distance, qui en fait un choix preferable pour 
les applications de pompage de longue distance de grande hauteur et autres pompages. 
Le seul risque pour les longues distances de pompage de BAP reste l’augm entation de 
l’instabilite du melange, un effet apporte par la viscosite diminue le melange pompe avec 
le temps. D ’au tre  part BC augmente la perte de pression avec le temps de pompage 
et de soins, et par consequent une attention particuliere devra etre appliquee a prevenir 
1’apparition eventuelle de blocages.
8.3.11 M ot final
On peut comprendre apres avoir lu les pages de cette these, que la science de pompage 
BAP est loin des notions rudimentaires qui ont guide ses efforts precoces de la conception. 
L’environnement de flux complique dans les tuyaux de pompage se pretait bien aux 
efforts de recherche orientee vers le developpement de modeles pour predire et reduire la 
perte de pression. Le resultat de cette recherche, nous l’esperons m ettra en pratique des 
leqons indispensables sur le pompage BAP et aidera l’industrie du beton pour pousser 
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Figure A . l :  GniimUir distribution of the 14-mm local aggregate used in phase 1 of 
the concrete scale.
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Figure A .2: Granular distribution of the local sand 1 used in j>hase 1 o f the mortar 
scale.
Table A . l :  Density of the local sand and aggregate used in phase 1 of the concrete 
and mortar scales.
M ateria l Density (gr/cm 3) Fineness m odulus
Sand ( 1) 2.65 2.48
Sand(2) 2.60 2.54
Aggregate 14 mm 2.74 -
Aggregate 10 mm 2.77 -
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Figure A .3: Granular distribution of the local sand 2 used in phase 1 of the concrete 
and mortar scales.
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Figure A .4: Granular distribution of the crushed-aggregate sand (from the Arabic 
Gulf) used in phase 2 of the concrete scale.
Table A .2: Density of the sand and aggregate (from the Arabic Gulf) used in phase 
2 of the concrete scale.
M ate ria l D ensity (gr/cm 3) Fineness m odulus
Sand 1 (dune sand) 2.7 5.41
Sand 2 (crushed-aggregate sand) 2.63 2.47
Aggregate 10 mm 2.81 -
Aggregate 20 mm 2.8 -
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Figure A.5: Granular distribution of the 10-nun aggregate (from the Arabic Gulf) 
used in phase 2 of the concrete scale.
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Figure A .6: Granular distribution of the 20-nun aggregate (from the Arabic Gulf) 
used in phase 2 of the concrete scale.
Table A .3: Chemical analysis of GU Cement.
Chemical analysis o f GU Cement
Silicon dioxide (Sio?) 20.40%
Aluminium oxide (AI20,) 4.60%
Sulphur Trioxyde (SO,) 2.80%
Iron Oxide (Fe20 , ) 3.40%
Calcium Oxide (CaO) 62.70%
Magnesium Oxide (M gO) 1.90%
Moisture content 0.03%
Loss o f  ignition 0.40%
Total Alkalies as Equiv Na:Q 0.80%
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Figure A . 7: Granular distribution of dune sand (from the Arabic Gulf) used in 
phase 2 of the concrete scale.
Table A .4: Physical analysis of GU Cement.
Physical analysis o f  GU Cement
Fineness retained on 45pm 20.40%
Compressive strength at 7-days 31.3 MPa
Compressive strength at 28-day s 41.4 MPa
Autodave Expansion 0.10%
Density 3.14 gr/ctrr
Table A .5: Chemical analysis of Class C Fly ash.
Chemical analysis o f  Fly ash Class C
Silicon dioxide (Sio2) 53.40%
Aluminium oxide (A 1203) 23.10%
Sulphur Trioxyde ( S 0 3) 3.40%
Iron Oxide (Fe20 3) 0.10%
Calcium Oxide (CaO) 10.00%
Magnesium Oxide (M gO) 1.10%
Moisture content 0.03%
Loss o f  ignition 0.40%
Total Alkalies as Equiv Na20 3.24%
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T a b le  A . 6: P h ysica l a n a lys is  o f  C lass 0  F ly  ash.
Physical analysis o f  Fly ash Class C
Fineness retained on 45gm 16.70%
Strength Activity Index with Cement
% o f control at 7-days 88%
% o f control at 28-days 96%
Water requirement. Percent o f  Control 94.80%
Autodave Expansion 0.07%
Density 2.04 gr/cm3
T a b le  A .  7: C h em ica l a n a lys is  o f  C lass F  F ly  ash
Chemical analysis o f  Fly ash Class F
Silicon dioxide (Sio2) 53.89%
Aluminium oxide (A 1203) 20.97%
Sulphur Trioxyde ( S 0 3) 1.36%
Iron Oxide (Fe20 3) 10.15%
Calcium Oxide (CaO) 2.93%
Moisture content 0.05%
Loss o f  ignition 1.72%
Total Alkalies as Equiv Na20 4.31%
T a b le  A . 8: P h ysica l a n a lys is  o f  C lass F  F ly  ash.
Physical analysis o f  Fly ash Class F
Fineness retained on 45pm 9.90%
Strength Activity Index with Cement
% o f  control at 7-days 95.20%
% o f control at 28-days 109.70%
Water requirement, Percent o f  Control 94.80%
Autodave Expansion -0.02%
Density 2.53 gr/cm3
T a b le  A . 9: C h em ica l an a lysis  o f  S ilica  fum e.
Chemical analysis o f  Silica fume
Silicon dioxide (Sio2) 93.00% max.
Aluminium oxide (A 1203) 0.40% max.
Sulphur Trioxyde ( S 0 3) 0.40% max.
Iron Oxide (Fe20 3) 0.8 % max.
Calcium Oxide (CaO) 0.60% max.
Magnesium Oxide (MgO) 0.60% max.
Sodium Oxide (Na20 ) 0.20% max.
Potassium Oxyde (K20 ) 1.20% max.
Carbon (Cfree) 2.00% max.
PAF 3.5% max.
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Table A . 10: P h ysica l a n a lysis  o f  S ilica  funic.
Physical analysis o f  Silica fume 
Fineness retained on 45pm 0.0-5.0 % 
Density 2.2 gr/cm3
Table A . l l :  P h y s ic a l an a lysis  o f  Slag.
________ Physical analysis o f  Slag
Fineness retained on 45pm 0.90% 
Compressive strength 
at 7-days 31.6 MPa





Table B .l: Mix designs and fresh properties of the tested mortars.
M ixture Sand C e m ent Slag Silica Fly ash C Fly ash A d d ed SP M ini  s lu m p V -fu n n e l
F water ISm in 8 0 m in 25m in 8 5 m in
kg /m J kg/m J kg /m 3 k g /m ’ kg/m'’ k g /n r kg /m '’ k g /m ’ m m m m sec. sec.
R eference  m ixture 1402.1 790.2 - - - - 216 .0 7.01 235 22 0 15 16
2 0 %  slag 1396.8 631.4 157.9 - - - 217.2 5.06 23 0 170 33 .6 4 9 .2
2 5 %  slag 1395.4 591.8 197.3 - - - 217 .9 4.03 23 0 150 25.2 63
3 0 %  slag 1394.1 552.2 236 .7 - - - 217.7 4 .29 234 20 0 26.1 20 .5
4 0 %  slag 1391.5 473.1 315.4 - - - 217 .8 3.90 233 160 31.4 45 .3
15% F ly  ash C 1332.0 652 - - 115.0 - 215 .0 4.6 227 .5 182.5 16.7 15 6
2 0%  F ly  ash C 1318.0 612 - - 153.0 - 214 .0 3.8 23 0 .0 175.0 1 1 9 16
25%  Fly ash C 1304.0 572 - - 191.0 - 214 .0 3.1 227 .5 160.0 18.7 14
30%  Fly ash C 1291.0 532 - - 228.0 - 213 .0 2.7 225 .0 192.5 17.2 15.3
15% F ly  ash F 1348.0 654 - - - 115.0 215 .0 5.6 230 .0 2 0 0 .0 12.6 14.4
20%  Fly ash F 1339.0 615 - - - 154.0 215 .0 4.8 225 .0 170.0 12.3 19.3
25%  Fly ash F 1331.0 575 - - - 192.0 215 .0 4 6 227 .5 175.0 18.6 22 .2
6%  silica+ 20  %  Fly ash  C 1340.3 577.3 - 46.8 156.0 156.0 213 .6 6 .36 2 30 20 0 14 15.5
6 %  silica+ 25  %  Fly ash  C 1328.5 536.9 - 46.7 194.5 194.5 212.7 6.88 235 235 11 11
6%  silica+ 3 0  %  Fly ash  C 1316.6 496  8 - 46.6 232.9 232 .9 212.8 6 .10 235 235 13.5 14.5
6%  silica+ 10  %  Fly ash  F 1371.1 659.5 - 47.1 78.5 78.5 215 .0 6 .49 225 21 14.6 18
6%  s ilic a+ 1 5 %  Fly ash  F 1362.5 619.1 - 47.0 117.6 117.6 215.5 5.19 225 215 11.1 19
6%  silica+ 20  % Fly a sh  F 1353.8 578.9 - 46.9 156.5 156.5 214 .9 5.45 225 195 16. 19.2
25%  Fly ash  C +4 %  s ilic a 1332.9 553.0 - 31.2 194.7 194.7 213.1 6 .62 235 235 12.7 14
2 5%  Fly ash  C + 8  %  s ilica 1324.1 520.9 - 62.2 194.4 194.4 212.5 6 88 235 235 10.5 12.5
15%  Fly ash F+4 %  s ilica 1366.9 635.4 - 31.4 117.7 117.7 213 .8 7.79 225 195 20 21 .5
15% Fly ash  F+8 %  s ilica 1358.0 602.9 - 62.6 117.4 117.4 212 .7 8.70 225 205 16.5 19
2%  silica 1397.6 773.6 - 15.8 - 215 .7 7.14 23 0 180 23.3 29
4%  silica 1393.0 757.1 - 31.5 - 215.3 7.40 230 205 16 2 23.1
5%  silica 1390.8 748.9 - 39.4 - 216.4 5.84 23 0 160 25 27
6%  silica 1388.5 740.7 - 47.3 - 214 .9 7.66 235 230 13 16.2
8%  silica 1384.0 724.2 - 63.0 - 213 .6 9 .09 235 215 16.1 22 .2
8%  s ilic a .re p * 1384.0 724.2 - 63.0 - 214 .6 7 .79 23 0 205 12.23 14.7
10% silica 1379.5 707.8 - 78.6 - - 214 .4 7.66 235 1955 20.1 24 .4
15% silica 1368.3 667.0 - 117.7 - - 212.2 10.00 225 215 13.2 15.5
6%  silica - 0 .22  u  cm 1490.1 756.3 - 48.3 - - 155.2 29 .10 225 195 66 15
6%  silica  - 0.25 w/cm 1438.8 748.4 - 47.8 - - 188 8 13.60 225 195 40 16
6 %  silica  - 0.28 w 'cm 1388.5 740.7 - 47.3 - - 213 .4 9.61 235 22 0 13.2 15.5
Paste  vo lum e =  300 I/m 3 1461.0 667.0 - 43 .0 - - 199.0 14.8 22 5 .0 21 0 .0 33 .2 3 5 .0
Paste  vo lum e =  367 I/m 3 1264.0 782.0 - 50.0 - - 233 .0 9.7 22 5 .0 218 .0 15 9 16.4
Paste vo lum e = 400  1/m3 1171.0 836.0 - 53.0 - - 249 .0 10.3 23 5 .0 233 .0 10.6 1 1.2
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Reference mixture 87 92
20% slag - -
25% slag 82 90
30% slag - -
40% slag 80 90
15% Fly ash C 86 -
20% Fly ash C 82 -
25% Fly ash C 79 -
30% Fly ash C 78 -
15% Fly ash F 89 -
20% Fly ash F 88 -
25% Fly ash F 81 -
6% silica+20 % Fly ash C 86 94
6% silica+25 % Fly ash C 82 89
6% silica+30 % Fly ash C 76 93
6% silica+10 % Fly ash F 93 97
6% silica+15 % Fly ash F 94 101
6% silica+20 % Fly ash F 89 93
25% Fly ach C+4 % silica 84 85
25% Fly ach C+8 % silica 86 100
15% Fly ash F+4 % silica 86 92
15%  Fly ash F+8 % silica 83 89
2% silica 98 107
4% silica 96 100
5% silica 98 101
6% silica 104 107
8% silica.rep.* 86 93
10% silica 107 114
15% silica 103 107
6% silica - 0.22 w/cm 91 -
6% silica - 0.25 w/cm 88 -
6 % silica - 0.28 w/cm - -
Paste volume = 300 I/m3 95 -
Paste volume = 367 I/m3 92 -
Paste volume = 400 I/m3 92 -
* A ll s u b s e q u e n t m ix tu re s  w e re  p re p a re d  w ith  sa n d  2 , w h ile  
the  p re c e d e n t m ix tu re s  w e re  p re p a re d  w ith  s a n d  1.
Table B.3: M ix designs and com positions o f  the m ixtures (prepared  with local Canadian m a teria ls) in ph ase 1.
M ixture B inder





W a te r H R W R A
GU FAC SF kg/m 3 I/m3 kg/m3
kg/m
3
D m ax 
(m m ) kg/m 3 kg/m 3 kg/m 3 I/m3 I/m3
HWC1 69% 25% 6% 575 375 803 830 5-14 396.8 143.8 34.5 161.0 2.00
HWC2 69% 25% 6% 535 350 838 866 5-14 369.2 133.8 32.1 149.8 2.06
HWC3 69% 25% 6% 575 375 803 830 5-14 396.8 143.8 34.5 161.0 1.91
HWC4 69% 25% 6% 575 375 803 830 5-14 396.8 143.8 34.5 161.0 2.06
SCC1 69% 25% 6% 575 375 867 764 5-14 396.8 143.8 34.5 161.0 2.55
SCC2 69% 25% 6% 575 375 867 764 5-14 396.8 143.8 34.5 161.0 2.74
SCC3-b 69% 25% 6% 575 375 867 764 5-14 396.8 143.8 34.5 161.0 3.06
SCC4-b 69% 25% 6% 575 375 867 764 5-14 396.8 143.8 34.5 161.0 3.35
SCC5 69% 25% 6% 537 350 902 795 5-14 370.5 134.3 32.2 150.4 3.15
SCC6 69% 25% 6% 615 400 830 731 5-14 424.4 153.8 36.9 172.2 3.21
SCC7 94% 0% 6% 575 350 902 794 5-14 540.5 0.0 34.5 161.0 4.64
SCC8 94% 0% 6% 618 375 865 762 5-14 580.9 0.0 37.1 173.0 4.88
SCC 10 67% 25% 8% 600 391 842 741 5-14 402.0 150.0 48.0 168.0 3.20
SCC11 67% 25% 8% 600 391 836 746 5-10 402.0 150.0 48.0 168.0 3.25
CVC1 69% 25% 6% 539 350 768 932 5-14 371.9 134.8 32.3 150.9 1.63
CVC2 69% 25% 6% 575 375 739 897 5-14 396.8 143.8 34.5 161.0 1.67
SCC4H30-b 69% 25% 6% 575 375 867 764 5-14 396.8 143.8 34.5 161.0 3.59
SCC12H30 67% 25% 8% 600 391 836 746 5-10 402.0 150.0 48.0 168.0 3.62
SCC13H35 67% 25% 8% 600 391 836 746 5-10 402.0 150.0 48.0 168.0 3.73
HWC4H30 69% 25% 6% 575 375 803 830 5-14 396.8 143.8 34.5 161.0 2.20
SCC8H30 94% 0% 6 % 618 375 865 762 5-14 580.9 0.0 37.1 173.0 4.88
SCC4H30 69% 25% 6 % 575 375 867 764 5-14 396.8 143.8 34.5 161.0 3.44
SCC3 69% 25% 6 % 575 375 867 764 5-14 396.8 143.8 34.5 161.0 2.87
SCC4 69% 25% 6% 575 375 867 764 5-14 396.8 143.8 34.5 161.0 3.19





















Table B.4: Fresh properties o f  the mixtures (prepared w ith  local Canadian m a teria ls) in ph ase 1. tot o
Fresh properties
Density (kg/m 3) L-Box (vibration o f 5 sec for HW C) S ieve stability
(hr) test real test real T-70 H h h/H T70 H h h/H
HWC1 16310 2330 16140 2306 4.75 490 80 64% - 490 110 36% - -
HWC2 16423 2346 16432 2347 8.7 510 65 94% - - 150 0% - -
HWC3 16182 2312 16241 2320 - 505 64 91% - 495 45 100% - -
HWC4 16315 2331 16275 2325 4.1 515 65 100% 10.4 515 65 100% - -
SCC1 16360 2337 16376 2339 5 500 65 85% 3.9 490 75 68% - -
SCC2 16404 2343 16522 2360 3.7 495 65 81% 5.6 495 70 76% - -
SCC3-b 16780 2397 16580 2369 3.3 505 64 91% 5.3 510 70 89% 9.1% 8.0%
SCC4-b 16659 2380 16855 2408 3.3 510 64 96% 2.8 505 65 89% 10.0% 9.9%
SCC5 - - - - 6.1 515 70 94% 6.5 495 75 71% 7.9% 4.4%
SCC6 16423 2346 16357 2337 3.9 505 65 89% 4.1 500 70 80% 11.9% 10.1%
SCC7 17014 2431 16978 2425 6.8 500 65 85% 7.3 - - - 5.5% 3.6%
SCC8 16982 2426 17008 2430 5.5 505 65 89% 5.3 500 70 80% 5.5% 5.9%
SCC 10 16536 2362 16532 2362 2.5 510 65 94% 2 500 65 85% 15.6% 12.1%
SCC11 16630 2376 16705 2386 1.7 510 63 97% 1.7 505 65 89% 12.0% 10.6%
CVC1 16656 2379 - - - - - - - - - - - -
CVC2 16451 2350 16591 2370 - - - - - - - - - -
SCC4H30-b 16587 2370 16728 2390 4.1 502 66 86% 3.9 505 67 87% 11.5% 10.0%
SCC12H30 16544 2363 16667 2381 2.3 510 65 94% 3.2 497 63 84% 9.6% 8.7%
SCC13H35 16605 2372 16620 2374 2.4 505 60 95% 2.5 505 64 91% 10.3% 8.9%
HWC4H30 16722 2389 16608 2373 4.8 510 65 94% - 460 105 32% - -
SCC8H30 16865 2409 17061 2437 3.4 505 65 89% 6 495 70 76% 7.4% 7.5%
SCC4H30 16582 2369 16615 2374 3.0 507 60 97% 3.7 495 64 82% 11.7% 8.0%
SCC3 16487 2355 16523 2360 3.1 505 62 93% 5.1 500 70 80% - -























L-Box (vibration o f 5 sec for HW C)
0:15 1:45 0:15 1:45
Sieve stability
0:15 1:45
(hr) test real test real T-70 H h h/H T70 H h h/H
HWC1 16310 2330 16140 2306 4.75 490 80 64% - 490 110 36% - -
HWC2 16423 2346 16432 2347 8.7 510 65 94% - - 150 0% - -
HWC3 16182 2312 16241 2320 - 505 64 91% - 495 45 100% - -
HWC4 16315 2331 16275 2325 4.1 515 65 100% 10.4 515 65 100% - -
SCC1 16360 2337 16376 2339 5 500 65 85% 3.9 490 75 68% - -
SCC2 16404 2343 16522 2360 3.7 495 65 81% 5.6 495 70 76% - -
SCC3-b 16780 2397 16580 2369 1 -t 505 64 91% 5.3 510 70 89% 9.1% 8.0%
SCC4-b 16659 2380 16855 2408 3.3 510 64 96% 2.8 505 65 89% 10.0% 9.9%
SCC5 - - - - 6.1 515 70 94% 6.5 495 75 71% 7.9% 4.4%
SCC6 16423 2346 16357 2337 3.9 505 65 89% 4.1 500 70 80% 11.9% 10.1%
SCC7 17014 2431 16978 2425 6.8 500 65 85% 7.3 - - - 5.5% 3.6%
SCC8 16982 2426 17008 2430 5.5 505 65 89% 5.3 500 70 80% 5.5% 5.9%
SCC 10 16536 2362 16532 2362 2.5 510 65 94% 2 500 65 85% 15.6% 12.1%
se e n 16630 2376 16705 2386 1.7 510 63 97% 1.7 505 65 89% 12.0% 10.6%
CVC1 16656 2379 - - - - - - - - - - - -
CVC2 16451 2350 16591 2370 - - - - - - - - - -
SCC4H30-b 16587 2370 16728 2390 4.1 502 66 86% 3.9 505 67 87% 11.5% 10.0%
SCC12H30 16544 2363 16667 2381 2.3 510 65 94% 3.2 497 63 84% 9.6% 8.7%
SCC13H35 16605 2372 16620 2374 2.4 505 60 95% 2.5 505 64 91% 10.3% 8.9%
HWC4H30 16722 2389 16608 2373 4.8 510 65 94% - 460 105 32% - -
SCC8H30 16865 2409 17061 2437 3.4 505 65 89% 6 495 70 76% 7.4% 7.5%
SCC4H30 16582 2369 16615 2374 3.0 507 60 97% 3.7 495 64 82% 11.7% 8.0%
SCC3 16487 2355 16523 2360 3.1 505 62 93% 5.1 500 70 80% - -






























and tribologieal properties 
Itribu (Pa s/m)









HWC1 93.6 104.0 88.9 74 235.3 322.3 330 380 2197 2025 2194 2424 8582 - - - 1801 1838 1921 2086
HWC2 81.3 89.9 109 106 173 262.3 372 480 2769 2590 2203 2208 5190 7840 - - 1850 2004 1998 2094
HWC3 62.3 79.5 75.5 83.6 323.3 350.9 409 519 1993 1904 2097 1977 - - - - 1744 1744 1925 1933
HWC4 93.8 - 63.6 85.5 135.9 - 129 209 2311 - 3162 2185 5718 - 3634 6937 1681 1687 1732 1701
SCC1 66.0 81.6 73.2 89.5 44.6 73.8 81.2 104 2602 2434 2118 2019 3044 4032 3824 5013 1411 1536 1384 1458
SCC2 79.2 83.0 78.7 82.9 19.6 36.7 41.6 60 2579 2361 2325 2415 3544 3792 3627 4005 1496 1458 1424 1518
SCC3-b 61.8 57.2 66.4 71.7 5.7 7.0 6.9 13.4 2660 2904 2567 2762 2740 2536 2944 3186 1358 1359 1373 1481
SCC4-b 72.7 72.5 77.7 81.2 - - - - 2660 2904 2567 2762 2740 2536 2944 3186 1358 1359 1373 1481
SCC5 81.3 92.6 73.7 85.9 13.2 36.9 52.1 66.1 3214 2491 2929 2599 3613 4287 3470 4212 1706 1585 1602 1625
SCC6 58.4 67.9 64.8 68.9 - 6.2 15.2 27 3409 3062 2783 3132 2589 3010 2887 3102 1478 1519 1421 1561
SCC7 94.7 83.6 96 98 12.1 26.6 23.2 35.2 3075 3992 3369 3042 4204 3751 4289 4454 1779 1945 1893 1816
SCC8 66.3 69.7 70.8 68.5 15.7 11.9 23.1 36.8 3300 *» -X-* ■> 3065 3278 2949 3093 3188 3138 1564 1587 1573 1618
SCC 10 48.2 61.3 51.2 45.5 9.5 13.3 16.6 18.3 2503 1941 2327 2327 2139 2734 2297 2043 1 154 1138 1163 1096
seen 39.7 46.0 42.4 37.7 9.8 7.8 15.4 13.3 1916 1820 1950 2341 1772 2042 1896 1683 921 967 966 982
CVCI 114.5 32.1 - - 884.8 - - - 2140 2233 - - - - - - - - - -
CVC2 80.3 76.0 77.3 74 394.5 492.9 541 678 2007 1962 2149 2122 - - - - - - - -
SCC4H30-b 73.9 85.3 69.4 64.3 -11.9 -13.9 3.9 9.6 - - - - - - - - - - - -
SC CI2H 30 42.4 83.6 39.2 42.4 9.2 26.6 17.7 16.7 - - - - - - - - - - - -
SCC13H35 78.8 - 75.8 80.3 130.5 - 217 270 - - - - - - - - - - - -
HW C4H30 88.8 87.8 82.4 74 5.4 - 26.8 45 - - - - - - - - - - - -
SCC8H30 85.9 94.2 80.2 74.0 5.4 25.7 26.8 43.3 - - - - - - - - - - - -




















A p p e n d i x  B  T e s t  R e s u l t s 2 2 7
Table B.7: C o m p ress ive  s tr e n g th  o f  th e  m ix tu re s  (p rep a red  w ith  loca l C anadian  
m a te r ia ls)  in p h a se  1.
C om pressive strength (M Pa) 
M ixture ----------------------------------------------------------------
1-day 7-days 28-days 56-days
HWC1 15.3 58.1 74.9 81.3
HWC2 32.6 59.3 79.2 81.2
HWC3 28.7 51.3 69.7 70.3
HWC4 23.0 54.6 69.4 79.7
SCCI 29.5 52.8 72.3 82.1
SCC2 29.3 43.2 73.3 70.9
SCC3 29.0 58.6 66.9 77.6
SCC5 34.3 54.4 74.5 84.8
SCC6 29.7 67.7 81.4 83.1
SCC4 24.6 59.9 82.3 89.6
SCC7 39.7 73.2 93.0 91.6
SCC8 35.6 77.8 89.2 97.4
SCC 10 27.2 59.0 78.2 87.0
seen 32.0 62.2 82.4 91.0
SCC3B1S 28.8 62.6 79.8 86.2
SCC12H30 33.7 63.1 80.5 89.9
SCC13H35 37.1 59.7 82.9 88.9
HW C4H30 39.2 58.2 79.7 86.5
SCC8H30 36.0 72.0 89.3 -
SCC4H30 34.4 58.8 77.9 87.5










C rushed D une
A ggregate
10mm 20
C em en t
G U







k g /m 3
w /cm
0.28
SC C 21G M 69% 25% 6% 575 375 0.59 45.0% 14.0% 20% 21% 396.8 143.8 34.5 0 .28
SC C22G M 69% 25% 6% 575 375 0.59 49.0% 10.0% 20% 21% 396.8 143.8 34.5 0.28
SC C23G M 69% 25% 6% 575 375 0.59 53.0% 6.0% 20% 21% 396.8 143.8 34.5 0.28
SC C26G M 69% 25% 6% 575 375 0.59 45.0% 14.0% 26.5% 14.5% 396.8 143.8 34.5 0 .28
SC C27G M 69% 25% 6% 575 375 0.59 45.0% 14.0% 32.5% 8.5% 396.8 143.8 34.5 0.28
SC C 28G M 69% 25% 6% 575 375 0.56 42.7% 13.3% 34.9% 9.1% 396.8 143.8 34.5 0.28
SC C29G M 69% 25% 6% 575 375 0.53 40.4% 12.6% 37.3% 9.7% 396.8 143.8 34.5 0.28
SC C30G M 69% 25% 6% 575 375 0.59 45.0% 14.0% 32.5% 8.5% 396.8 143.8 34.5 0.28
SC C31G M 69% 25% 6% 575 375 0.59 45.0% 14.0% 32.5% 8.5% 396.8 143.8 34.5 0.28
SC C32G M 69% 25% 6% 605 375 0.59 45.0% 14.0% 32.5% 8.5% 417.5 151.3 36.3 0.25
SC C33G M 69% 25% 6% 636 375 0.59 45.0% 14.0% 32.5% 8.5% 438.8 159.0 38.2 0.22
SC C34G M 94% 0% 6% 618 375 0.59 45.0% 14.0% 32.5% 8.5% 580.9 0.0 37.1 0.28
SC C35G M 94% 0% 6% 650 375 0.59 45.0% 14.0% 32.5% 8.5% 611.0 0.0 39.0 0.25
SC C37G M 94% 0% 6% 618 375 0.59 45.0% 14.0% 32.5% 8.5% 580.9 0.0 37.1 0.28
SC C36G M 94% 0% 6% 686 375 0.59 45.0% 14.0% 32.5% 8.5% 644.8 0.0 41.2 0.22



















Table  B .9 ; M ix compositions o f the mixtures (prepared with the Arabic Gulf materials) in phase 2.
M ix co m p o s itio n s
M ix tu re S an d A g g reg a te C e m e n t G U Fly ash  C S ilica  fu m e W a te r  H RW RA
C rushed kg /m 3 D une kg/m 3 10 m m  kg/m 3 20 m m  kg/m 3 kg/m 3 kg/m 3 k g /m 3 1/m3 1/m3
SC C 21G M 736.22 223.11 356.29 332.1 396.8 143.8 34.5 161.0 3.45
SC C22G M 801.66 159.36 332.06 356.3 396.8 143.8 34.5 161.0 3.73
SC C23G M 867.1 95.617 332.06 356.3 396.8 143.8 34.5 161.0 4 .00
SC C26G M 736.22 223.11 439.97 246.0 396.8 143.8 34.5 161.0 3.36
SC C27G M 736.22 223.11 539.59 144.2 396.8 143.8 34.5 161.0 3.59
SC C28G M 698.59 211.95 579.44 154.4 396.8 143.8 34.5 161.0 3.36
SC C29G M 660.96 200.8 619.28 164.6 396.8 143.8 34.5 161.0 3.45
SCC30G M 736.22 223.11 539.59 144.2 396.8 143.8 34.5 161.0 3.36
SCC31G M 736.22 223.11 539.59 144.2 396.8 143.8 34.5 161.0 3 .59
SC C32G M 734.42 222.56 538.27 143.9 417.5 151.3 36.3 151.3 4.86
SCC33G M 733.9 222.4 537.89 143.8 438.8 159.0 38.2 139.9 7.27
SC C34G M 734.25 222.51 538.15 143.8 580.9 0.0 37.1 173.0 4 .59
SC C35G M 736.22 223.1 1 539.59 143.8 611.0 0.0 39.0 162.5 6.55
SC C37G M 734.42 222.56 538.27 143.9 580.9 0.0 37.1 173.0 3.91
SC C36G M 734.25 222.51 538.15 143.8 644.8 0.0 41.2 150.9 10.91





















T able B .10: Fresh properties o f the mixtures (prepared with the Arabic Gulf materials) in phase 2.
Fresh p rop erties
M ixture S lum p-flow  (m m ) T -50  (sec) V -funn el A ir  con ten t
(hr) 0:15 0:45 1:15 1:45 0:15 0:45 1:15 1:45 0:15 0:45 1:15 1:45 0:15 1:45
SC C21G M 720 675 680 680 3.4 3 .6 3.7 4.2 9 11.7 11.8 11.6 1.8% 2.8%
SC C22G M 710 725 705 690 4 3.9 3.8 4.1 10.5 10.4 10.5 12 1.8% 2 .4%
SC C23G M 725 715 710 700 3.1 2.8 3.9 3.6 9.1 10.1 10.1 13.1 1.3% 1.6%
SC C26G M 730 695 670 700 - 4 4.2 3.9 7.6 9.5 9.8 10.6 1.9% 2.6%
SC C27G M 745 725 710 710 3.1 3.9 3.9 4.4 8.3 8.6 8.9 9.6 2 .0% 2.3%
SC C28G M 715 710 710 700 3.6 3.5 3.2 - 10.2 9.9 10.5 10.4 2.2% 2.7%
SC C29G M 720 685 700 695 2.9 4 3.6 3.5 10.2 12 12.3 12.2 1.7% 3.4%
SC C30G M 720 700 710 685 2.7 2.9 2.9 3.2 7.9 8.6 8.7 8.3 2 .3% 2 .4%
SC C31G M 725 700 700 685 2.8 2.8 3.2 3.2 8.9 8.6 9 9 2 .3% 2.4%
SC C32G M 750 740 765 735 3 4.5 3.9 5 12.7 14.7 13.3 15 1.5% 1.1%
SC C33G M 765 770 760 790 - 6.4 5.9 5.3 28.7 24 23 18.4 1.5% 0.9%
SC C34G M 710 645 650 605 2.7 3.8 3.7 5 7.8 10.3 11.1 14.5 1.9% -
SC C35G M 715 680 675 670 4.9 6.5 5.6 5.9 13.9 18.2 17.1 18.4 2 .1% 1.8%








2.7 2.5 1.9 8.4 9.2 7.4 5.7 2.3-4%
6.2-
7 .5%
































Table B . l l :  (cont'd)Fresh properties o f the mixtures (prepared with the Arabic G ulf materials) in phase 2.
M ix tu re
F resh  p ro p e r tie s
D ensity  (kg /m 3) 
(h r )  0:15 1:45 0:15
L -B ox
1:45
S ieve  s ta b il ity
0:15 1:45
test real test real T-70 H h h/H T -70 H h h/H Seg. Seg.
SC C21G M 16765 2395 16916 2417 4.1 503 60 93% 6 486 67 73% 9% 7.1%
SC C22G M 16833 2405 16881 2412 3.2 508 60 98% 3.5 503 62 91% 9.5% 7.7%
SCC23G M 16778 2397 17056 2437 2.75 506 65 90% 5.1 482 70 68% 10.6% 6 .4%
SC C26G M 16821 2403 16834 2405 2.9 503 61 92% 3.5 499 65 84% 10.8% 6.2%
SC C27G M 16846 2407 16848 2407 3 503 65 88% 4.1 505 64 91% 9 .3% 8.4%
SC C28G M 16803 2400 16768 2395 2.9 510 64 96% 3.1 505 68 86% 6.2% 6.2%
SC C29G M 16800 2400 16872 2410 3.7 505 65 89% 2.8 495 67 79% 8.5% 7.9%
SC C30G M 16660 2380 16829 2404 2.6 502 67 85% 2.9 500 66 84% 10% 7.9%
SCC31G M 16726 2389 16821 2403 4.3 499 67 82% 3.1 500 64 86% 9.9% 8.5%
SC C32G M 16923 2418 17151 2450 4.8 505 63 92% 6 504 66 88% 10.8% 10.7%
SC C33G M 16942 2420 17380 2483 2.9 507 62 95% 10.2 509 67 91% 11.3% 1 1.9%
SC C34G M 17253 2465 17332 2476 3.7 496 67 80% 6.2 480 77 61% 7% 4 .9%
SCC35G M 17379 2483 17349 2478 5.4 502 65 87% 6.8 497 69 79% 8.3% 7.2%
SC C37G M 17214 2459 - - 2.6 500 63 87% - - - - 8.6% -
SC C36G M 17370 2481 17500 2500 36 504 63 91% 13.2 504 69 84% 5% 9.6%



















T able B .12: Rheogical properties o f the mixtures (prepared with the Arabic G ulf materials) in phase 2.
Rheological properties
Mixture Viscosity (Pa s) Yield stress (Pa) Diff. Viscosity (Pa s)
(hr) 0:30 1:00 1:30 2:00 0:30 1:00 1:30 2:00 0:30 1:00 1:30 2:00
SCC21GM 76.0 87.8 88.3 91.4 0.1 7.6 23.0 64.3 79.3 90.5 85.2 96.9
SCC22GM 82.7 84.8 75.8 84.4 - 4.3 10.4 28.6 86 85.4 77.5 82.2
SCC23GM 66.5 70.7 70.2 78.9 - - 6.6 7.3 69.8 73.3 70.4 81.7
SCC26GM 67.2 75.1 75.8 79.3 7.4 17.0 22.0 17.6 69.9 75.2 77.6 81.0
SCC27GM 61.9 69.2 70.4 71.5 2.5 3.2 5.1 9.0 65.8 71.3 72.4 72.8
SCC28GM 64.5 62.7 63.4 61.4 3.9 9.3 9.8 18.4 66.6 64.1 64.8 61.4
SCC29GM 65.9 76.8 73.2 74.3 1.2 9.2 14.6 14.3 69.2 78.3 73.7 76.7
SCC30GM 56.5 57.0 53.7 52.1 2.0 6.7 11.5 12.1 59 59.5 54.6 53.1
SCC31GM 59.3 57.9 53.1 54.4 - 6.5 8.9 12.1 62.5 59.5 53.7 54.9
SCC32GM 117.8 112.8 123.2 128.1 - - - - 132.9 121.2 131.9 136.3
SCC33GM 318.7 208.0 241.7 215.0 - 34.4 - 30.2 320 230 259 233
SCC34GM 56.2 56.7 62.3 74.0 21.8 30.9 36.7 66.3 57.8 56.8 61.8 71.3
SCC35GM 128.0 128.9 124.1 110.3 - 6.3 10.2 15.7 135.3 133.2 128.2 113.3
SCC37GM 45.4 40.7 33.1 30.6 14.7 21.0 27.8 36.0 47 40.7 31.5 28.1
SCC36GM 481.8 331.1 313.3 - 160.9 - - - 329.4 326.7 331.4 -
SCC38GM 57.4 59.2 58.0 55.5 1.1 4.4 7.2 13.0 60.6 61.2 58.9 55.7
Table B .13: Tribological properties o f the m ixtures (prepared with the Arabic G ulf materials) in phase 2.
T ribological properties
M ixture Itribn (Pa s/m ) Itrco (Pa s/m ) ltr ib ,0, (P a s/m )
(hr)0:30 1:00 1:30 2:00 0:30 1:00 1:30 2:00 0:30 1:00 1:30 2:00
SCC21GM 2580 2649 2373 3108 3367 3892.4 3966.04 4332 1465 1580 1493 1833
SCC22GM 2588 2393 2343 2339 3667 3759.8 3363.76 3821 1521 1468 1387 1457
SCC23GM 1971 1985 2210 2412 2946 3135.3 3112.66 3499 1186 1222 1300 1434
SCC26GM 2491 2265 2346 2411 2978 3341 3390.63 3537 1360 1353 1389 1436
SCC27GM 2824 2521 2477 2615 2742 3065.9 3118.95 3173 1395 1387 1382 1437
SCC28GM 3252 2942 3016 2679 2952 2841.8 2871.38 2720 1598 1484 1525 1372
SCC29GM 3162 3230 3684 3231 2952 2841.8 2871.38 2722 1565 1551 1716 1548
SCC30GM 2389 2195 2360 2239 2504 2526.9 2383.41 2315 1227 1177 1190 1141
SCC31GM 2469 2401 2190 2578 2629 2568.8 2354.16 2418 1277 1245 1137 1250
SCC32GM 3702 3799 3378 3941 5224 5001.5 5462.59 5679 2177 2170 2095 2338
SCC33GM 5044 6060 - - 14129 9361 - - 3727 3708 - -
SCC34GM 2944 2649 2350 2381 2527 2575.7 2859.12 3614 1372 1320 1303 1459
SCC35GM 4841 4107 4209 4368 5674 5713.3 5499.45 4891 2616 2394 2389 2312
SCC37GM 2320 2169 2237 1976 2089 1828 1452.57 1346 1101 995 883 808
SCC36GM 4904 5583 5537 - 23781 14676 13889 - 4076 4048 3961 -

































56-d ays C h lorid e  
test
(Coulombs)
SCC21GM 90.6 99.5 - - -
SCC22GM 88.2 96.0 - - -
SCC23GM 96.7 102.6 - - -
SCC26GM 93.9 101.1 - - -
SCC27GM 91.8 98.4 - - -
SCC28GM 88.5 96.1 - - -
SCC29GM 88.4 96.4 - - -
SCC30GM 90.6 97.6 52.3 10.9 105
SCC31GM 88.7 92.6 - - -
SCC32GM 105.6 110.0 54.6 12.5 73
SCC33GM 111.8 121.7 58.0 13.2 57
SCC33GM 101.8 103.5 53.0 11.5 140
SCC34GM 101.8 103.5 53.0 11.5 140
SCC35GM 109.1 113.2 54.8 11.2 116
SCC36GM 119.6 122.5 55.6 12.1 159
SCC37GM 92.9 95.2 - - -



















Table B ,15: M ix designs of the pum ped m ixtures.
M ixture GU G U+8% SF FAC SF
A ggregate ■ w/cm S/A PasteI/m310 mm 20 mm
CVC1 .V A X A .V.4 .V A X A X A X A X A X A
CVC2 X  A X  A A.4 X A X A X A X A X A X  A
CVC3 X  A X A X  A X A X A X A X  A X  A X A
SCC1 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 382.34
SCC2 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 382.59
SCC3 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 382.46
SCC4 - 67% 25% 8% 80.0% 20.0% 0.29 0.53 382.52
SCC5 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 378.88
SCC6 75% - 25% 8% 80.0% 20.0% 0.29 0.53 378.05
SCC7 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 382.87
SCC8 - 92% 0% 8% 80.0% 20.0% 0.25 0.53 383.12
SCC9 - 92% 0% 8% 80.0% 20.0% 0.34 0.53 378.43
SCC 10 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 382.46
SCC 11 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 407.54
SCC 12 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 358.44
HWC1 - 92% 0% 8% 80.0% 20.0% 0.30 0.50 359.85
HWC2 - 92% 0% 8% 80.0% 20.0% 0.30 0.50 362.08
HWC3 - 92% 0% 8% 80.0% 20.0% 0.30 0.50 383.10
SCC 13 - 92% 0% 8% 80.0% 20.0% 0.30 0.53 382.82
SCC 14 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 381.08
HWC4 - 92% 0% 8% 80.0% 20.0% 0.25 0.50 385.18
SCC 15 - 92% 0% 8% 80.0% 20.0% 0.29 0.53 382.71
SCC 16 - 92% 0% 8% 80.0% 20.0% 0.29 0.50 382.71
SCC 17 - 92% 0% 8% 80.0% 20.0% 0.29 0.47 382.52
SCC 18 - 92% 0% 8% 68.0% 32.0% 0.29 0.52 383.12




















T able B .16: Mix compositions o f the pum ped mixtures. t occ
GU G U + 8% S F FA C Sand
A ggregate
W a ter  HRW .l HRW.2 V M A A E A
M ixture 10 mm 20 mm
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3
CVC1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CVC2 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CVC3 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N'A
SCC1 - 600 - 850 603 151 169 15.0 1.40 - -
SCC2 - 600 - 850 603 151 169 15.0 1.67 - -
SCC3 - 600 - 850 603 151 169 15.0 1.53 - -
SCC4 - 600 - 850 603 151 169 15.0 1.60 - -
SCC5 - 435 144 850 603 151 165 10.0 0.50 - -
SCC6 442 - 146 850 603 151 167 9.0 0.00 1.0 -
SCC7 - 600 - 850 603 151 169 15.0 1.97 - -
SCC8 - 646 - 850 603 151 149 20.0 2.40 - -
SCC9 - 560 - 850 603 151 186 8.0 0.15 -
SCC 10 - 600 - 850 603 151 169 15 1.53 - -
SCC 1! - 640 - 816 579 145 181 15 1.40 - -
SCC 12 - 560 - 885 628 157 157 15 2.80 - -
HWC1 - 560 - 835 668 167 164 10.0 1.81 - -
HWC2 - 560 - 835 668 167 164 12.0 2.20 - -
HWC3 - 600 - 803 642 161 172 12.0 2.00 - -
SCC 13 - 600 - 850 603 151 169 15 1.27 - 0.6667
SCC 14 - 600 - 850 603 151 169 15 0.00 0.053 -
HWC4 - 647 - 803 642 161 154 18.9 0.00 - -
SCC 15 - 600 - 850 603 151 169 15 1.80 - -
SCC 16 - 600 - 803 642 161 169 15 1.80 - -
SCC 17 - 600 - 754 680 170 169 15 1.60 - -
SCC 18 - 600 - 850 527 248 169 15 2.23 - -



















Table B .17: Fresh properties o f the pum ped mixtures.
F re sh  p ro p e r tie s
Mixture
Ini.’ n p l’
Slump/slump flow
np2: 1 2 3 4 5 npl np2 1
T-50
2 3 4 5
CVC1 235 225 200 235 230 225 205 185 - - - - - - -
CVC2 215 245 235 220 210 185 115 - - - - - - - -
CVC3 180 150 115 160 135 90 55 - - - - - - - -
SCC1 675 705 645 710 680 720 685 655 2.9 4.6 2.4 3.3 2.7 2.9 2.8
SCC2 815 780 760 725 735 710 545 310 2.9 2.6 2.1 2.0 2.4 3.6 -
SCC3 680 735 685 725 690 610 470 - 2.1 2.85 1.5 1.5 1.8 - -
SCC4 680 685 655 675 635 670 635 640 3.6 4.6 1.7 3.0 2.7 2.9 2.9
SCC5 750 770 795 730 775 820 870 885 1.7 2.6 1.6 0.8 1.8 0.9 0.8
SCC6 690 145 - 775 - - - - - - 2.8 - - - -
SCC7 615 620 610 600 565 565 560 4.5 5.5 4.8 3.5 6.3 4.7 -
SCC8 690 670 640 645 675 680 665 665 3.9 6.6 4.2 3.5 4.3 3.5 3.1
SCC9 735 705 720 675 725 780 785 - 0.8 1.28 1.3 1.2 0.8 0.5 -
SCC 10 700 690 635 675 645 670 630 - 3.1 3.44 2.7 3.0 1.7 2.5 -
s e e n 765 700 680 670 700 670 645 510 1.9 2.28 2.1 1.4 2.2 1.8 3.9
SCC 12 630 555 500 480 460 410 180 - 12.1 - - - - - -
HWC1 410 410 400 425 410 390 195 - - - - - - - -
HWC2 610 520 470 560 500 410 390 - - - - - - - -
HWC3 560 550 460 520 460 420 340 150 - - - - - - -
SCC 13 720 695 645 690 690 690 690 630 2.6 4.3 2.4 2.7 3.0 2.3 3.2
SCC 14 700 680 735 690 730 740 780 - 1.9 2.28 1.7 1.7 1.7 1.3 -
HWC4 580 515 550 590 580 600 560 600 - - - - - - -
SCC 15 600 620 610 625 640 630 615 610 3.5 5 3.1 2.4 2.7 2.5 2.8
SCC 16 670 670 655 625 680 630 625 590 4.3 4.78 3.7 2.3 2.9 3.0 3.0
SCC 17 740 695 660 655 700 675 660 660 2.8 3.78 2.5 2.1 1.8 1.9 2.5
SCC 18 730 650 630 620 665 620 610 570 4.5 4.66 3.69 3.25 2.72 3.8 2.97
SCC 19 690 640 610 610 560 500 470 340 5.6 8.6 5.6 6.9 8.5 - -
Initial test at concrete arrival 
f Non-pumped concrete after final HRWRA adjustment 





















Table  B .18: (cont'd) Fresh properties o f the pum ped mixtures.




1 2 3 4 5 npl np2
V-funnel
1 2 3 4 5
CVC1 21.3 19.1 19.4 19.5 19.6 19.9 20.5 - - - - - - -
CVC2 20.6 18.8 20.1 19.9 19.2 20.5 - - - - - - - -
CVC3 19.6 18.4 18.8 20.3 21.2 21.9 - - - - - - - -
SCC1 16.6 15.8 17.8 18.2 20.0 20.8 21.4 7.9 9.7 5.5 5.5 6.1 4.6 6.2
SCC2 24.1 21.6 22.8 22.8 22.9 23.2 23.9 5.3 7.4 4.0 3.7 4.0 6.3 -
SCC3 17.1 17.3 19.6 20.0 21.7 21.3 - 5.8 8.0 3.7 3.2 3.5 6 -
SCC4 20.8 19.1 19.9 21.0 21.2 21.6 19.2 10 8.7 6.8 6.7 4.8 4.5 5.7
SCC5 24.1 21.7 23.1 22.9 22.5 22.2 22.0 4.4 5.1 2.9 2.3 1.8 1.9 1.6
SCC6 24.8 - - - - - - 19.1 - 1.2 - - - -
SCC7 18.5 17.6 16.9 18.4 18.3 16.9 - 10 10.7 9.1 8.3 9.6 8.1 -
SCC8 21.3 19.2 21.1 21.1 20.7 21.4 21.5 9.1 12.2 6.5 7.9 7.5 7.3 6.9
SCC9 21.3 20.7 20.5 19.9 20.6 20.1 - 1.9 2.8 2.1 2.1 1.9 1.8 -
SCC 10 20.8 17.6 19.6 20.7 21.6 20.2 - 6.1 8.1 6.3 5.5 5 5.1 -
seen 22.2 21.2 22.8 23.2 23.1 23.2 24.0 4.3 6.0 3.6 3.4 3.5 4.2 6.4
SCC 12 17.3 16.1 21.0 22.0 22.6 24.1 - 13.3 19.0 8 12.7 11.5 - -
HWC1 20.2 19.3 20.1 22.4 24.1 25.3 - 13 21.8 12.9 13.5 16 - -
HWC2 20.6 19.4 21.8 23.6 25.0 26.3 - 8.9 14.9 8.2 9.4 12.7 15.6 -
HWC3 21.0 20.1 22.0 24.8 26.2 27.8 29.2 8.1 10.2 7.5 8 14.2 12 -
SCC 13 13.0 13.8 14.9 17.0 18.4 19.5 20.5 6.2 7.6 4.7 3.9 4.7 3.9 4.3
SCC 14 17.5 17.1 18.5 19.7 20.5 20.8 - 4.2 4.9 3 2.9 3 2.6 -
HWC4 12.7 13.7 14.7 16.1 17.9 19.1 20.1 10.7 1 1 . 1 7.6 8.1 7.9 7.4 7.3
SCC 15 13.6 14.1 15.7 17.1 17.6 18.0 19.6 7 7.4 6.1 5.35 5.2 5.6 5.1
SCC 16 16.9 15.3 17.4 20.1 20.9 20.6 22.4 7.4 10.0 6.8 5.9 7 7 6.8
SCC 17 17.1 16.9 18.6 19.7 20.9 20.2 20.4 5.8 8.4 6 5.3 5.5 6.9 5.5
SCC 18 20.1 19.5 21.3 22.8 23.8 24 23.8 8.1 10.5 7.5 7.3 7.5 8.2 7.5
SCC 19 23 21.8 24.4 25.8 27.8 28.7 29.8 17.4 31.1 19.1 16.6 30.1 30.2 -





2 3 4 5 npl np2
Air (%)
1 2 3 4 5
CVC1 - - - - - - - 2.0 1.8 2.5 2.8 2.8 2.8 2.5
CVC2 - - - - - - - 1.8 1.6 1.8 1.8 2.2 2.4 -
CVC3 - - - - - - - 3.0 2.8 3.0 3.0 3.2 2.6 -
SCC1 83% 85% 97% 100% 100% 87% 64% 3.0 2.9 3.0 2.6 2.4 3.2 3.5
SCC2 88% 91% 83% 86% 80% 39% 0% 1.2 1.2 2.0 2.0 2.3 2.8 3.8
SCC3 92% 90% 83% - 72% 0% - 3.5 3.3 3.4 3.7 3.8 3.2 -
SCC4 93% 88% 87% 79% 77% 75% 75% 2.0 2.2 2.5 2.0 2.0 2.0 2.2
SCC5 89% 98% 83% 100% 96% 89% 94% 1.8 1.4 2.5 2.7 2.3 2.3 2.3
SCC6 - - 91% - - - - 2.3 - 0.8 - - - -
SCC 7 75% 65% 73% 73% 65% 64% - 3.2 3.0 2.8 2.4 2.7 2.5 -
SCC8 85% 86% 85% 82% 84% 85% 80% 2.1 1.9 2.2 2.4 2.4 2.7 2.7
SCC9 89% 86% 85% 86% 97% 99% - 1.6 1.5 1.7 1.8 1.7 2.2 -
SCC 10 81% 85% 81% 77% 77% 70% - 1.8 1.8 1.8 1.6 1.7 1.9 -
seen 81% 82% 82% 82% 82% 67% 33% 1.0 1.3 1.6 1.7 1.8 2.2 2.5
SCC 12 54% 0% 50% 24% 0% 0% - 4.8 3.7 4.0 3.8 3.4 4.2 -
HWC1 - - - - - - - 3.3 2.8 2.8 2.5 2.8 2.8 -
HWC2 - - - - - - - 3.7 3.2 2.7 2.8 2.7 2.8 -
HWC3 - - - - - - - 2.7 2.7 3.0 2.7 2.5 2.6 2.8
SCC 13 82% 87% 77% 84% 78% 74% 69% 6.5 5.8 8.2 8.0 7.6 7.2 6.0
SCC 14 80% 100% 93% 85% 88% 93% - 3.8 3.4 4.5 4.5 3.5 3.5 -
HWC4 - - - - - - - 4.2 3.8 3.7 3.0 2.8 2.5 3.0
SCC 15 91% 79% 73% 83% 75% 77% 81% 6.4 5.4 2.8 2.7 2.6 2.6 2.7
SCC 16 81% 63% 81% 88% 77% 65% 63% 4.2 4.2 2.5 2.3 2.0 2.0 2.5
SCC 17 71% 75% 72% 79% 72% 72% 43% 3.0 3 2.4 1.8 2.0 2.0 2.0
SCC 18 87% 76% 65% 73% 73% 60% 59% 1.2 3 1.7 1.8 2 2.1 2.7


















Table  B .20: (cont'd) Fresh properties o f the pum ped mixtures.
F resh  p ro p e rtie s
M ix tu re
n p l np2
D ensity  (kg /m 3)
1 2 3 4 5 n p l np2
Sieve s tab ility
1 2 3 4 5
CVC1 2413 2401 2390 2396 2380 2368 2368 - - - - - - -
CVC2 2368 2394 2409 2388 2384 2392 - - - - - - - -
CVC3 2376 2373 2378 2373 2370 2411 - - - - - - - -
SCC1 2422 2422 2424.3 2434 2435 2401 2380 11% 8% 11% 10% 11% 11% 8%
SCC2 2449 2411 2404 2398 2423 2343 2306 11% 13% 13% 11% 11% 1% 0%
SCC3 2381 2392.4 2377 2370 2340 2384 - 15% 12% 12% 12% 8% 1% -
SCC4 2432 2423.1 2397 2438.4 2412 2442 2430 9% 9% 12% 10% 11% 14% 8%
SCC5 2381 2418 2359 2367 2348 2307 2372 13% 18% 25% 39% 39% 37% 24%
SCC6 2350 - 2412 - - - - - - 17% - - - -
SCC7 2410 2435 2406.8 2444 2395 2465 4% 6% 7% 7% 7% 5% -
SCC8 2430 2452 2451 2442 2371 2436 2424 12% 8% 10% 10% 13% 17% 11%
SCC9 2360 2373.4 2355 2350 2374 2387 - 13% 12% 12% 16% 19% 27% -
SCC 10 - 2416.9 - 2255 2265 2357 - 8% 10% 3% 9% 11% 11% -
seen 2338 2342.9 2335 2348 2335 2327 2325 13% 15% 15% 10% 13% 13% 3%
SCC 12 2315 2350.9 2343 2338 2354 2315 - 7% - 2% - - - -
HWC1 2360 630 2373 2391 2367 2381 - - - - - - - -
HW C2 2353 2364 2347 2374 2370 2369 - - - - - - - -
HW C3 2228 2370 2360 2364 2373 2359 2363 - - - - - - -
SCC 13 2258 2284.9 2215 256 2247 2258 2288 12% 12% 11% 13% 10% 13% 12%
SCC 14 2296 2318.3 2282 2279 2308 2315 - 15% 13% 14% 14% 16% 17% -
HW C4 2322 2339 2340 2361 2362 2372 2359 - - - - - - -
SCC 15 2257 2292.3 2361 2345 2371 2357 2358 9% 10% 8% 11% 9% 8% 8%
SCC 16 2316 2316.6 2346 2369 2386 2383 2365 10% 9% 10% 7% 9% 5% 12%
SCC 17 2339 2347.4 2363 2366 2377 2373 2363 12% 10% 10% 8% 9% 10% 11%
SCC 18 2369 2374 2414 2411 2407 2389 2391 11% 6% 6% 8% 6% 8% 5%
SCC 19 2420 2426 2419 2420 2425 2398 2424 - - - 6% - - -
T able B .21: Rheological properties o f the pumped mixtures measured with the IC A R  rheometer.
R heolog ical p ro p e rtie s  m e a s u re d  w ith  th e  IC A R  
M ix tu re  V iscosity  (P a  s) Y ield s tre ss  (P a )
np-0 1 2 3 4 5 np-0 1 2 3 4 5
CVCl 4.3 4.3 2.5 2.5 1.0 0.3 328.1 426.4 461.5 642.2 793.9 859.6
CVC2 4.0 1.4 7.3 4.0 6.0 - 327.9 542.9 522.1 800.3 1296.4 -
CVC3 17.0 14.7 18.7 19.8 9.7 - 40.5 49.4 20.1 17.9 107.0 -
SCC1 36.7 36.3 25.0 24.6 23.8 24.0 46.6 47.7 47.8 51.5 73.1 145.2
SCC2 24.2 18.0 17.9 14.5 14.0 2.1 19.9 73.9 68.0 124.9 2653.0 3203.3
SCC3 32.0 18.0 16.3 11.6 20.0 24.0 29.0 51.0 58.0 202.4 800.0 145.2
SCC4 26.7 26.7 23.4 19.3 16.3 14.4 63.2 63.2 38.0 52.6 71.2 89.1
SCC5 19.8 - 11.5 9.1 - 8.6 16.9 - 0.0 5.7 - 9.8
SCC6 42.5 12.8 25.0 24.6 23.8 24.0 575.6 3.3 47.8 51.5 73.1 145.2
SCC7 42.9 36.0 29.6 28.5 31.0 14.4 94.0 134.5 108.4 121.3 141.3 89.1
SCC8 43.2 31.7 32.7 30.0 61.0 37.9 47.6 39.1 42.2 40.0 38.9 0.7
SCC9 17.6 13.9 13.8 14.1 11.5 7.0 41.2 68.2 54.8 54.1 134.2 674.0
SCC10 27.9 24.5 19.5 19.0 19.8 14.4 50.0 69.6 76.0 80.5 92.5 89.1
SCC11 17.6 13.9 13.5 14.2 11.5 7.0 41.2 68.2 56.1 53.7 134.2 674.0
SCC 12 77.0 33.9 40.5 28.7 13.9 14.4 92.7 227.9 249.9 596.2 1540.8 89.1
HWC1 58.1 42.4 37.5 30.5 19.5 14.4 170.1 255.8 296.1 378.3 898.7 89.1
HWC2 51.5 36.5 30.3 23.4 20.2 14.4 85.9 119.2 210.0 337.1 466.5 89.1
HWC3 47.6 22.8 17.8 19.6 15.4 3.4 87.2 144.2 253.9 374.3 392.9 2383.9
SCC 13 31.8 31.1 20.2 20.4 17.9 20.2 33.8 35.8 55.1 50.5 76.0 66.8
SCC 14 18.4 12.5 13.9 14.8 12.1 0.3 44.6 46.9 37.0 34.5 33.5 648.5
HWC4 50.6 31.2 30.7 29.6 24.7 23.9 83.2 75.4 85.9 79.6 110.6 132.7
SCC 15 31.2 23.3 19.3 18.7 19.0 15.4 76.5 108.5 100.6 96.4 95.0 127.6
SCC 16 34.7 25.5 19.9 25.1 22.0 19.0 49.1 94.1 90.1 111.7 96.0 156.8
SCC 17 27.4 20.9 17.8 18.6 19.4 17.6 40.8 87.8 77.0 82.2 124.3 94.5
SCC 18 38.9 26.5 21.8 19.5 23.0 18.7 28.5 102.1 108.4 173.6 206.7 220.1




















Table B .22: Equivalent rheological properties o f the pumped mixtures obtained with the ConTec rheometer.
E q u iv a len t rheo log ica l p ro p e rtie s  m easu red  w ith  th e  C onT ec
M ix tu re V iscosity  (P a  s) Y ield s tre ss  (P a )
np-0 1 2 3 4 5 6 np-0 1 2 3 4 5 6
CVC1 8.1 8.1 4.7 4.7 1.9 0.5 6.3 347.3 454.4 492.7 689.7 855.1 926.6 740.7
CVC2 7.6 2.6 13.9 7.6 11.3 - 5.6 347.1 581.4 558.8 862.0 1402.8 0 484.8
CVC3 32.4 27.9 35.5 37.6 18.5 - - 33.9 43.5 11.6 9.2 106.3 0 0
SCC1 69.7 69.0 47.5 46.7 45.2 45.6 90.6 40.5 41.7 41.8 45.8 69.4 148.0 30.4
SCC2 46.0 34.2 33.9 27.5 26.6 3.9 77.9 11.4 70.2 63.8 125.8 2881.5 3481.3 9.1
SCC3 60.8 34.2 30.9 22.0 38.0 45.6 75.1 21.3 45.3 52.9 210.3 861.7 148.0 13.8
SCC4 50.7 50.7 44.6 36.6 30.9 27.4 104.6 58.6 58.6 31.1 47.0 67.3 86.8 32.6
SCC5 37.6 - 21.8 17.3 - 16.3 32.4 8.1 0 0 0 0 0.4 20.4
SCC6 80.8 24.3 47.5 46.7 45.2 45.6 90.6 617.1 0 41.8 45.8 69.4 148.0 30.4
SCC7 81.6 68.5 56.1 54.2 58.9 27.4 109.3 92.1 136.3 107.9 121.9 143.7 86.8 71.2
SCC8 82.2 60.3 62.1 57.0 115.9 72.0 104.6 41.6 32.3 35.6 33.3 32.1 0 32.6
SCC9 33.5 26.5 26.2 26.7 21.8 13.3 57.0 34.5 64.0 49.4 48.7 136.0 724.3 21.1
SCC 10 52.9 46.5 37.1 36.0 37.6 27.4 77.1 44.2 65.5 72.5 77.5 90.5 86.8 52.3
seen 33.5 26.5 25.7 26.9 21.8 13.3 57.0 34.5 64.0 50.9 48.2 136.0 724.3 21.1
SCC 12 146.3 64.4 76.9 54.6 26.5 27.4 183.9 90.8 238.1 262.1 639.5 1669.2 86.8 147.7
HWC1 110.4 80.6 71.3 58.0 37.1 27.4 123.9 175.1 268.4 312.4 402.0 969.2 86.8 263.6
HWC2 97.9 69.4 57.6 44.5 38.4 27.4 118.3 83.4 119.6 218.6 357.1 498.1 86.8 113.4
HWC3 90.4 43.4 33.9 37.3 29.3 6.5 93.2 84.7 146.9 266.4 397.7 417.9 2588.1 204.4
SCC 13 60.4 59.2 38.4 38.8 33.9 38.4 76.0 26.6 28.7 49.7 44.7 72.5 62.5 43.4
SCC 14 35.0 23.7 26.3 28.1 23.1 0.5 43.1 38.3 40.8 30.0 27.2 26.2 696.5 19.6
HWC4 96.1 59.3 58.3 56.3 46.9 45.4 107.6 80.4 71.9 83.4 76.5 110.2 134.3 68.8
SCC 15 59.3 44.2 36.7 35.5 36.1 29.2 72.3 73.1 107.9 99.3 94.8 93.2 128.8 80.2
SCC 16 66.0 48.4 37.8 47.7 41.8 36.2 100.6 43.2 92.3 87.9 111.4 94.3 160.6 54.7
SCC 17 52.1 39.7 33.8 35.4 36.9 33.4 72.7 34.2 85.4 73.6 79.3 125.2 92.7 37.8
SCC 18 73.9 50.3 41.4 37.0 43.7 35.5 90.7 20.7 101.0 107.8 178.9 214.9 229.6 84.9
SCC 19 199.4 199.7 133.9 135.4 116.7 108.6 294.5 77.9 73.5 177.0 319.8 682.5 1253.7 144.0
T able B .23: Tribological properties o f the pum ped mixtures.
Tribological properties
M ixture Itribii (Pa s/m) Itribco (Pa s/m ) Itrib101(Pa s/m )
n p-0 1 2 3 4 5 n p-0 1 2 3 4 5 n p -0 1 2 3 4 5
C V C1 510 .4 4 6 2 .7 4 9 1 .8 525 .7 636.1 6 5 7 .7 - 31 2 3 .8 - - - - 5 1 0 4 4 6 2  9 4 9 1 .8 5 2 5 .7 636 .1 6 5 7 .7
C V C 2 358 .2 495.1 490 .6 670 .3 9 8 0 .4 4 4 0 .0 - 33 2 2 .6 - - - - 3 5 8 .2 497 .1 4 9 0 .6 6 7 0 .3 9 8 0 4 4 4 0 .0
C V C 3 2761 .2 2175.1 1840.7 3 223 .5 1572.1 - 1463.6 56 1 1 .9 1574.4 1668.8 35 4 6 .6 - 981.1 8 3 4 .7 8 7 2 .8 1152.1 1099.5 1275 .9
SCC1 2915 .4 1792.0 1666.3 1797.7 1559.9 7815.1 3090 .3 7594.1 2113.5 20 9 1 .2 36 4 4 .2 20 9 7 .8 1500.9 1142 .2 934 .1 9 6 9 .2 1094 .2 1733 .0
SC C 2 1354.7 2432 .2 1317.4 27 0 0 .7 1232.0 25 .8 2 0 4 1 .4 6 410 .5 1573.1 1294.0 3919 .2 - 8 1 7 .0 9 6 4 .8 719 .5 8 8 0 .7 1 006 .6 1332 .2
S C C 3 2777 .8 20 6 0 .6 1568.7 38 1 2 .7 1229.1 3 694 .4 2 718 .5 5 9 0 5 .4 1468.0 1175.2 - 1757.4 1375.1 88 5  6 76 4 .4 9 4 8 .0 1463 .7 1263 .4
S C C 4 3487 .7 1851.2 1083.9 1839.9 1060.7 - 2 3 5 6 .7 6 9 2 9  7 2009.3 1682.4 3 802 .2 1263.6 1419.4 1038.5 7 04 .2 8 79 .5 8 2 9 .9 1859 .8
S C C 5 1056.0 - 4 0 6 .4 573 .4 3 6 4 .6 - 1668.8 - 967.8 766 .3 35 4 6 .6 724.2 64 9 .2 - 2 8 6 .6 3 28 .3 3 3 0 .7 9 2 9 .6
S C C 6 3485 .6 1614.9 - - - - 3585.1 4529.1 - - - - 1772.4 68 4 .2 - - - -
S C C 7 3138 .8 26 2 0 .2 29 3 3 .9 3183 .7 4975 .5 - 3 6 9 5 .9 9815.1 2586.6 2 5 3 4 .8 3 6 5 8 .9 1053.4 1702.5 1471.5 1380.4 1417.0 21 1 7 .5 1166.4
S C C 8 3473.1 23 2 5 .7 2493 .5 1983.2 1554.6 7593 .8 36 4 4 .7 8294 .8 2759.3 2 5 2 6 .9 3 5 4 6 .6 3191.1 1778.9 1248.3 1312 .0 1112.5 1081.2 2 2 4 8 .2
S C C 9 479 .4 5 4 8 .0 356 .2 255 .0 504 .2 108.6 1548.4 26 3 3 .6 1484.9 1765.6 4 692 .3 - 366 ,5 3 9 1 .5 2 8 8 .8 2 2 4 .3 4 6 3 .4 261 9
S C C 10 1889.3 1332.5 1265.2 1755.7 2320 .8 3284 .2 2356.1 55 1 7 .8 1717.4 1633.7 3 6 2 8 .7 1153.2 1051 .9 83 0 .8 7 3 5 .6 8 5 5 .8 1424.7 8 5 7 .4
seen 1625.5 1209.4 1317.4 1591.6 911 1 - 1501.5 40 6 6 .4 1148.7 1212 2 3636 .3 631 .7 78 3 .0 6 1 6 .6 6 1 5 .6 6 9 0 .2 7 2 9 .6 1117 .6
S C C I2 3053.1 5104 .4 3279.1 5457 .3 1756.9 - 6579 .5 - 3916.8 34 7 9 .4 - 950 .9 2 0 8 8 .3 1903 .9 1814.4 2 2 5 3 .0 2 3 5 4 .7 2 6 6 0 .7
H W C I 2881 .4 28 7 6 .9 31 5 8 .6 3108  6 2506 .7 - 54 7 5 .0 - 3849.2 5 273 .9 8935 .3 975 .0 1897.2 1893.2 1770 .9 2 0 7 4 .5 2 3 8 5 .9 22 8 3 .5
H W C 2 2611.2 3057 .2 3605.1 8801 .3 28 6 2 .6 - 44 8 6 .2 - 2995.1 21 9 3 .9 5 190 .8 1034 6 1653.2 1600.9 1673.1 1787.7 2002 .1 1946 .9
H W C 3 2471 .5 3208 .4 47 0 3 .0 1918.1 2430 .5 - 42 2 0 .0 8776 .2 1959.5 30 7 3 .8 7479 .3 224 .7 1563.7 1320.2 1583.2 1233.9 2070 .1 2 0 2 4 .6
SC C  13 2280 .0 1253.0 1424.6 1140.0 656 .8 5 998 .5 2 683 .3 5597 .2 1746.2 1756.4 3 7 3 9 .3 1738.2 1234.3 843 .3 78 5 .0 6 9 1 .9 55 9 .4 1382 .4
SC C  14 1139.9 726.7 579 .4 554 .6 926 .2 - 1557.7 2 881 .4 1169.8 1287,8 3 5 8 6 .9 21 .8 6 5 8 .8 4 3 4 .6 3 8 9 .7 388,1 73 7 .9 3 4 5 .6
H W C 4 2666 .9 2752.1 2007 .8 1685 6 20 7 8 .6 - 4 5 1 5 .9 9033 .3 2685.1 2623 .8 3 6 2 0  8 2063 .0 1679.5 1355.5 1 151.9 1026 .6 1321.4 1906  3
S C C  15 1794.5 1889.4 2604 .8 2690 .8 1368.5 - 28 0 9 .7 6 665 .7 1688.1 1606.1 3 6 3 7 .9 1337.2 1 101.6 1001 8 1029.1 101 1.4 9 9 4 .7 1480.3
S C C 16 25 1 1 .0 3 341 .6 28 4 9 .0 1755.0 1776.0 2 382 .5 2 9 6 5 .9 9 0 0 5 .4 1724.7 24 8 5 .2 3 5 8 6 .9 1762.1 1363.1 1357.1 1077.4 1045 .6 1192.3 1737.3
S C C  17 2287 .8 1512.4 1 9 8 0 4 1799.2 1235.3 53 2 9 .0 2 3 4 7 .7 5569 .3 1524.9 1595.6 3 640 .7 1523.0 1162.9 8 4 0 .8 87 0 .3 847.1 9 2 3 .9 1371.5
S C C  18 2060 .6 3 2 0 9 6 2 1 2 5 .8 5 060 .9 1604.9 - 3 3 6 2 .6 8951 .3 2000.5 1732.2 4 1 0 9 .0 1713.9 1281.5 1347.1 1047.6 1307.1 1169 1 1816 7
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CVCI 44 46.3 49.6
CVC2 44 - 46.3
CVC3 44 46.9 48.2
SCC1 22 73.3 70.0
SCC2 22 69.7 70.2
SCC 3 22 67.2 75.0
SCC4 29 79.4 75.0
SCC5 29 68.4 66.1
SCC7 29 74.9 76.9
SCC8 29 - 81.8
SCC9 29 - 81.8
SCC 10 29 78.6 76.6
s e e n 29 71.7 69.8
SCC 12 29 77.5 75.2
HWC1 29 79.9 72.5
HWC2 29 80.3 75.8
HWC3 29 78.3 76.2
HWC4 29 83.1 78.5
SCC 13 29 64.5 66.5
SCC 14 29 73.5 66.7
SCC 15 29 80.3 68.3
SCC 16 29 82.3 73.6
SCC 17 29 78.5 70.4
SCC 18 29 81.5 67.1
SCC 19 29 89.1 88.6
T able  B .25; Pumping pressure loss per meter for 4-in pipes at fixed discharge rates during the 5 pum ping cycles.
M ix tu re
1
P u m p in g  cycle 1
Discharge 
2 3 4 5 1
P um ping  cycle 2
Discharge 
2 3 4 5 1
P u m p in g  cycle 3
Discharge 
2 3 4 5
CVC1 7.60 11.50 15.41 19.31 23.21 7.05 11.64 16.24 20.83 25.42 8.95 14.65 20.36 26.06 31.76
CVC2 6.86 11.62 16.38 21.14 25.89 9.70 14.22 18.74 23.27 27.79 9.99 15.68 21.36 27.05 32.73
CVC3 14.46 22.28 30.10 37.91 45.73 18.27 26.48 34.69 42.90 51.10 22.29 31.69 41.10 50.51 59.91
SCC1 - - - - - 24.89 51.85 78.80 105.75 132.71 20.74 43.28 65.83 88.37 110.91
SCC2 - - - - - 8.62 21.15 33.68 46.21 58.75 7.91 19.87 31.82 43.77 55.72
SCC3 15.14 28.87 42.61 56.35 70.09 - 26.00 40.34 54.69 69.03 12.41 25.31 38.21 51.11 64.02
SCC4 20.88 43.51 66.13 88.75 111.37 - 38.73 58.95 79.16 99.38 16.00 32.15 48.30 64.46 80.61
SCC5 4.82 17.57 30.31 43.06 55.80 3.53 15.56 27.60 39.63 51.66 4.41 13.67 22.94 32.20 41.46
SCC6 - 33.63 48.40 63.16 77.93 - - - - - - - - - -
SCC7 42.26 81.63 120.99 160.36 199.72 41.77 78.97 116.17 153.37 190.57 39.88 75.71 111.54 147.37 183.20
SCC8 40.04 80.97 121.89 162.82 203.74 36.97 72.97 108.98 144.98 180.98 33.91 70.19 106.48 142.76 179.05
SCC9 5.15 - 26.61 37.34 48.07 5.57 - 22.89 31.55 40.21 5.49 - 23.18 32.03 40.88
SCC 10 25.27 47.97 70.67 93.38 116.08 - 43.90 63.68 83.45 103.23 23.33 41.58 59.84 78.10 96.36
s e e n 17.84 34.26 50.68 67.10 - - 32.31 47.56 62.80 78.05 16.23 30.28 44.32 58.37 72.41
SCC 12 - 79.03 117.95 156.87 195.78 - 85.06 125.64 166.22 206.80 45.86 - - - 204.96
HWC1 54.47 100.65 146.84 193.03 239.21 54.35 100.85 147.36 193.87 240.38 53.22 94.65 136.08 177.50 218.93
HWC2 47.53 90.56 133.58 176.60 219.62 47.02 87.94 128.86 169.78 210.70 46.45 83.81 121.17 158.53 195.89
HWC3 37.34 71.49 105.63 139.77 173.92 35.92 68.94 101.95 134.97 167.98 35.24 63.94 92.64 121.34 150.04
SCC 13 26.70 54.36 82.03 109.69 137.35 22.58 44.37 66.17 87.97 109.77 - 41.43 61.58 81.74 101.90
SCC 14 15.74 28.55 41.35 54.16 66.97 13.43 - 35.83 47.03 58.23 11.92 - 33.68 44.57 55.45
HWC4 40.51 73.20 105.89 138.58 171.27 32.65 61.76 90.87 119.98 149.09 29.36 53.39 77.42 101.45 125.48
SCC 15 17.83 37.56 57.29 77.02 96.75 15.83 35.81 55.79 75.77 95.75 16.55 34.61 52.67 70.73 88.79
SCC 16 27.90 56.11 84.32 112.54 140.75 25.70 50.84 75.98 101.12 126.26 25.30 49.50 73.70 97.91 122.11
SCC 17 22.28 44.61 66.94 89.27 111.60 22.30 43.24 64.18 85.12 106.06 21.03 41.10 61.16 81.23 101.30
SCC 18 - 74.06 110.11 146.16 182.20 31.54 60.64 89.74 118.85 147.95 - - 85.33 113.14 140.95























2 3 4 5 1
Pumping cycle 5
Discharge 
2 3 4 5
CVC1 10.41 16.91 23.40 29.90 36.39 11.23 17.99 24.76 - -
CVC2 12.88 19.39 25.89 32.40 38.91 22.36 30.71 39.06 47.40 55.75
CVC3 - - - - - - - - - -
SCC1 18.97 40.59 62.22 83.84 105.46 20.46 42.26 64.06 85.86 107.66
SCC2 - 13.56 24.59 35.62 46.66 - - 43.21 55.04 -
SCC3 16.36 28.64 40.92 53.20 65.49 - - - - -
SCC4 - 30.29 45.15 60.00 74.86 15.04 30.20 45.36 60.52 75.68
SCC5 4.18 13.50 22.82 32.13 41.45 4.02 13.36 22.69 32.03 41.37
SCC6 - - - - - - - - - -
SCC7 - - 113.18 150.01 186.84 - - - - -
SCC8 - - - - - 33.89 68.11 102.33 136.55 170.77
SCC9 5.39 13.97 22.56 31.14 39.72 - - - - -
SCC 10 - 40.70 58.51 76.32 94.13 - - - - -
seen - 31.23 45.63 60.03 74.43 - - 49.85 - -
SCC 12 - - - - - - - - - -
HWC1 57.33 97.40 137.46 177.52 217.59 - - - - -
HWC2 48.29 84.14 119.99 155.84 191.70 - - - - -
HWC3 38.24 65.39 92.54 119.69 146.84 49.48 78.36 107.24 136.12 165.00
SCC 13 18.87 37.61 56.35 75.09 93.83 19.30 36.88 54.46 72.04 89.62
SCC 14 13.30 23.20 33.10 43.00 52.91 - - - - -
HWC4 27.69 50.49 73.30 96.11 118.92 27.62 49.64 71.67 93.69 115.71
SCC 15 15.33 32.22 49.12 66.01 82.90 14.79 29.06 43.34 57.62 71.90
SCC 16 24.34 48.25 72.16 96.08 119.99 23.73 46.64 69.56 92.47 115.38
SCC 17 21.34 40.14 58.94 77.74 96.54 21.67 41.02 60.36 - 99.05
SCC 18 29.95 56.31 82.66 109.02 135.38 - - 84.53 111.13 137.73



















Table B .27: P um ping pressure loss p e r  m e ter  for 5-in p ipes a t  fixed discharge rates du rin g  th e 5 p u m p in g  cycles.
M ix tu re
P u m p in g  cycle 1
D ischarge
P u m p in g  cycle 2
D ischarge
P u m p i n g  cycle  3
D ischarge
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
CVC1 3.80 7.23 10.65 14.07 17.50 4.27 6.98 9.70 12.41 15.13 5.16 8.07 10.98 13.89 16.79
CVC2 4.29 6.08 7.87 9.66 - 2.48 - - - - 3.09 6.34 9.59 12.85 16.10
CVC3 5.48 9.67 13.86 18.05 22.24 8.22 12.68 17.14 21.60 26.05 8.30 13.25 18.20 23.14 28.09
SCC1 - 22.09 33.86 - - 10.62 22.90 35.18 47.46 59.74 8.76 18.17 27.57 36.97 -
SCC2 - - 18.57 26.90 - - - - - - 6.08 9.95 13.81 - -
SCC3 - 14.87 25.38 35.89 46.40 4.64 10.83 17.03 23.23 29.42 6.62 12.94 19.26 25.58 31.90
SCC4 10.22 25.46 40.71 55.95 71.19 11.89 23.29 34.69 46.09 57.49 9.80 20.54 31.27 42.00 52.74
SCC5 4.58 11.36 18.14 24.91 31.69 4.21 9.97 15.73 21.49 27.26 3.86 8.75 13.64 18.52 23.41
SCC6 - 17.47 24.67 31.87 39.06 - - - - - - - - - -
SCC7 18.30 34.76 51.21 67.67 84.13 16.94 33.12 49.30 65.48 81.66 16.77 31.13 45.50 59.86 74.22
SCC8 15.78 31.09 46.40 61.71 77.02 14.12 27.20 40.29 53.37 66.46 13.34 26.57 39.79 53.01 66.24
SCC9 3.90 - - - - 4.15 - - - - 3.53 - - - -
SCC 10 13.19 26.55 39.90 53.26 66.62 - - - - 63.78 - - 35.02 46.35 57.68
SCC1 1 8.97 17.06 25.15 33.24 41.33 8.69 16.91 25.13 33.35 41.56 7.78 15.07 22.36 29.65 36.94
SCC 12 20.88 - - - 98.68 21.76 41.84 61.92 82.00 102.09 - - - - -
HWC1 24.81 52.32 79.83 107.34 134.85 25.71 50.06 74.42 98.78 123.14 21.04 45.47 69.90 94.33 118.76
HWC2 14.77 35.00 55.22 75.45 95.67 15.06 35.46 55.86 76.25 96.65 13.69 32.09 50.50 68.91 87.32
HWC3 10.59 24.43 38.28 52.13 65.98 10.21 24.39 38.57 52.75 66.94 10.17 20.93 31.69 42.45 53.21
SCC 13 - 20.70 33.83 46.96 60.10 - 16.18 29.42 42.66 55.90 8.41 17.11 25.80 34.50 43.20
SCC 14 4.19 - 13.92 - - 4.08 10.23 16.39 22.54 28.69 5.93 9.66 - - -
HWC4 15.84 31.86 47.88 63.90 79.92 11.49 24.52 37.54 50.56 63.59 10.82 23.11 35.39 47.67 59.95
SCC 15 12.11 25.92 39.72 53.52 67.33 10.90 22.62 34.33 46.04 57.76 9.94 19.86 29.77 39.69 49.60
SCC 16 14.99 - 46.75 - 78.50 - - - - 64.30 13.52 25.58 37.64 49.70 61.76
SCC 17 10.89 22.02 33.15 44.28 55.40 11.00 21.58 32.16 42.75 53.33 10.20 19.20 28.20 37.20 46.21
SCC 18 14.90 31.21 47.52 63.83 80.13 12.11 24.11 36.11 48.11 60.12 11.55 22.68 33.80 44.93 56.06













Table 3 .2 8 :  (con t'd) P u m pin g  pressure loss p e r  m e ter  for 5-in p ip es  a t fixed discharge ra tes du rin g  th e  5 p u m p in g  cycles.
P u m p in g  cycle 4 P u m p in g  cycle 5
M ix tu re Discharge D ischarge
1 2 3 4 5 1 2 3 4 5
CVC1 - - - - - - - - -
CVC2 4.30 8.24 12.17 16.11 20.05 1.60 8.08 14.57 -
CVC3 - - - - - - - - -
SCC1 9.16 18.47 27.79 37.10 46.42 9.24 19.79 30.35 -
SCC2 6.81 13.38 19.95 26.52 33.10 - - - -
SCC3 8.56 15.03 21.49 - - - - - -
SCC4 10.31 19.16 28.01 36.86 45.71 10.05 - - -
SCC5 3.80 8.31 12.81 17.32 21.83 3.67 8.25 12.84 -
SCC6 - - - - - - - - -
SCC7 15.72 30.71 45.70 60.68 75.67 - - - -
SCC8 - - - - - 13.70 26.39 39.08 -
SCC9 3.26 6.33 - - - - - - -
SCC 10 - 24.21 34.80 45.38 55.97 - - . -
s e e n - - 24.81 32.50 40.19 - - - -
SCC 12 - - - - - - - - -
HWC1 21.70 44.99 68.27 91.56 114.84 - - - -
HWC2 15.85 34.69 53.53 72.36 91.20 - - - -
HWC3 12.00 21.96 31.93 41.89 51.85 16.11 27.96 39.82 -
SCC 13 - 13.93 23.87 33.80 43.74 - 15.06 24.54 -
SCC 14 5.24 9.29 13.33 - - - - - -
HWC4 10.93 21.75 32.58 43.41 54.24 10.90 21.91 32.92 -
SCC 15 10.61 20.30 29.98 39.67 49.35 10.15 19.08 28.02 -
SCC 16 12.27 22.34 32.42 42.50 52.58 10.03 21.95 33.87 -
SCC 17 10.53 19.05 - 36.08 44.60 10.63 18.85 27.06 -
SCC 18 12.25 22.59 32.94 43.28 53.62 12.21 22.33 32.45 -
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Table C .l:  P ressure loss o f  C V C 1 m ea su red  a t d ifferen t d ischarge ra te s  in 1 in. a n d  










13 99 9 12
12 35 8 13
1062 6 79
945 5 71







































5 in File Stopwatch
(k Pa/m) (I/s) (I/s)
11 62 15 98 15.76
13.19 14.92 14.95
11 18 13.77 14 02
10.59 12 69 12.67
9 32 11 07 11.04
8 36 981 9 77
6 37 7 33 7 30








22 22 12 75
21 58 1 1 49
18.54 1005
15 57 8 65
12.80 7 03











































5 in File Stopwatch
(kPa/m) (I/s) (1/s)
14 10 15 98 15 93
13 86 14.97 14 97
12.60 13 92 13.94
11 78 12 81 12 79
10.84 11.58 11 57
93 5 9.43 9 37
7 40 696 6 98














27 92 17 16
25 96 16 20
23 54 14 77
18 57 12.48
14 87 10 65
11 78 5 80
5 in. File Stopwatch
(kPa/m) (1/s) (I/s)
13 66 14.88 14.79
13.84 14 64 14.53
13.38 13.55 13.67
12.89 12.61 12 50
1191 11 12 II 17
9,89 8 63 8 56
841 6 6 0 6 72
5 1 1 3 93 4 0 0
Potentially wrong data 
Non-lrusled data
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Table C.2: P ressu re loss o f  C V C 2  m ea su red  a t differen t d isch arge ra te s  in 4 in. an d  
5 in. p ip es .
CVC2
Cycle 1
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in 5 in 4 in. 5 in File Stopwatch










4 in. 5 in. 4 in 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
25 75 13.17 26.92 15.34 18 055 18 18
23 35 11.45 23.50 11.57 16 711 16.73
21.22 8 80 20.62 9.50 14 819 14 85
21 23 8 79 19.54 940 13.840 13.74
18 87 7 68 16.85 8 31 12083 12 10
18 83 7 14 14 24 7.85 10 507 10.53
13 92 5 59 11.62 5.31 7462 7 46








4 in 5 in. 4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
29.16 16.66 28.42 13.45 16 80 1667
27.92 15.20 26.88 13.45 16 11 16 14
26 32 13 69 26 39 12.54 15 40 15 39
24 64 12.60 24.83 11 99 14 22 14 25
22.40 10.80 22.34 1118 12 82 12.84
19.27 8 95 18 81 9 61 1061 10 63
15 66 6 84 14.32 7 49 7.52 7.50








4 in. 5 in. 4 in 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
33.54 20.06 37.23 16.14 16 80 16 90
31.57 17.00 35.01 14.97 15.55 15.35
29.21 15 16 31.97 14.22 14 15 14 22
26.40 13.00 28 79 13.03 12 52 12.57
24 73 11 07 24.80 11 66 10 44 10 42
18.04 8.22 18.26 9 07 7 32 7.34
12.69 5.58 12 09 6 14 4 10 4 10
Cycle 5
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in 5 in. 4 in. 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
52.20 24 79 56,33 24 10 18 30 18.56
44.51 18 81 4713 17 82 14.61
Potential non-equilibrium  
Potentially wrong data
A p p e n d i x  C  P u m p i n g  t e s t s 2 5 3
T a b le  C .3 :  P ressu re lo ss  o f  CVC3 m ea su red  a t  d ifferen t d isch arge ra te s  in 4 in. a n d  









4 in. 5 in 4 in 5 in Pile Stopwatch
(kPa/m) (kPa7m) (kPa/m) kPa/m) (1/s) (1/s)
16.59 16 92
36 20 18 86 35.70 16 38 15.53 15 71
34 77 16.42 34 38 15 40 14 34 14 37
33 43 15,96 32.39 15.14 13 31 13.29
3047 13.42 28 36 13.19 11 40 II 39
24 74 11.13 23 59 11 58 9.09 9 13
14 31 8.45 17.49 9.08 6.31 6 28








4 in 5 in 4 in 5 m Pile Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
44.01 25.82 46.56 18.93 16 69 16 85
41 95 22.27 43.49 19.05 15 53 15 45
38.77 20.60 41 34 18 20 14.52 14 57
37 87 18 44 38 23 16 94 13 38 13 40
34.55 16.26 34 38 15 74 II 61 11.57
28.26 13.20 27 27 13 36 8 66 8 66
22.20 10 26 2 1 07 10 54 5 82 5 86








4 in 5 in. 4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
51 66 27.46 5591 21.72 16.90 16 86
4964 23.59 52.33 21.63 15.90 15 94
47 83 21.75 50.75 20.65 15.00 14 94
44 18 19 51 45.30 18.82 13 11 13.16
42.45 18 05 42 25 17 78 11 89 11.79
37.26 16.02 37.46 1669 1001 10.04
28 99 11 85 27 73 12.75 6 77 6.74








4 in 5 in 4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
68 32 30.75 75.83 30.34 16 19 16.43
65.45 27.70 70.79 30.99 15 00 15.07
63 24 25 24 68 19 29.06 13 81 13 85
57 00 23.81 62 31 27 84 12 11 12 11
52 87 2000 55.81 24.89 10.35 1061
48 85 18 54 51 58 23.81 8 85 8 80
40.60 14.33 41.56 20 52 5.98 5.99
30.36 9 82 30.03 15 46 2.42 2 39
Non-!rusted data 
Potentially wrong data
Measurements treatment for the 5 in.-pipes sensors was performed with the help o f the strain gauges
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4 in. 5 in 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
127.66 55.2* 110.% 61.99 16 55 16 56
115.4* 49.16 101.77 56.63 15 52 15 74
102.01 42 29 89.68 49 16 14 29 14 35
91 02 37.53 79 78 44.30 13 05 13 23
77 28 32 20 69.24 38.95 11 78 11.74
62 30 25.53 57 06 31 51 9 77 9 81
44 33 1861 44.74 23 92 7 18 7 19
27.75 11.94 32 03 16.02 4,50 4 46








4 in 5 in 4 in 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
103 69 47.37 97 84 51 60 15.25 15 45
90 66 41.16 85 64 46 21 13 99 13 99
82 51 35 75 77.67 40 31 12 86 12 86
75.24 32 56 70.30 37 21 11 99 12 00
65 84 27 64 62 Ot 31 99 10 70 10 67
50 99 21 03 5045 25 37 841 8 46
36 95 15 30 40 81 18 71 6 13 6 19
23 84 10.17 27 71 12.41 3 87 3 89








4 in 5 in. 4 in. 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (1/s)
93.49 43.56 8846 4540 16.45 16 50
87,52 36.54 83 03 40.83 15.34 15.45
78 12 33.40 75.01 38 39 14.29 14 23
65 48 26.85 63.82 31 34 12.22 12.18
50 29 20 88 49 82 24.51 9.55 9 58
33.83 14.07 34 34 16 29 6.51 6 55
22.35 9 54 22.51 10.79 4.16 4 18








4 in 5 in 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (1/s) (I/s)
*5.90 39.78 83.20 43.32 15 79 15 84
78.52 35.03 77.15 38 91 14 45 14 42
70 68 31.60 69.98 36 01 13 71 13.85
65.08 28,30 64 75 32 35 12 56 12 52
54 77 24 89 55 32 28.61 11 00 11 07
43 95 19.89 45.73 23.21 8 90 8 92
30 98 14 42 32 62 16.93 6 30 6 31








4 in 5 in. 4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
*8.77 43.7* 86.79 46.41 15.79 15 79
82.75 39 26 81 62 42.61 14.76 14 72
71 42 34 89 71.78 38 31 13 64 13.60
65.95 30.67 66.50 34.19 12.50 12.47
54.26 25.66 55 06 29.12 10.47 10 47
45 60 20.76 47.36 24 15 8 80 8 87
33.02 15 31 35 02 17.54 6.40 6 40
20.12 943 21.56 10 89 3 60 3 62
Non-trusted data (something strange with SGs 2)
Potentially wrong data
M easurements treatment for the 5 in.-pipes sensors was performed w ith the help o f the strain gauges
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4 in. 5 in 4 in. 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
88.91 78.61 | 17.95 17 70
74.24 28.12 69.09 27.92 17.07 16.86
59.10 23.21 57.42 25.14 15.48 15.43
50.74 21.20 52.42 23.81 14.09 14.06
41 79 17 89 45.52 20.13 12.67 12.63
32.35 14 04 37 52 15.85 1047 1047
21 30 967 2627 10.64 7 37 7 37
If. 13 7 76 20 69 8.20 5.74 5 73
Cycle 2
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in 5 in. 4 in 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
68.97 70.95 | 17,95 1815
59.05 28.49 62.57 27.97 16.89 1 7 4 0
49.28 23.08 54.42 25 09 15.32 15 35
43.26 20.32 48.89 22 61 14.35 14.42
35 90 16.53 42.11 18 12 12.52 12.47
27.31 12.85 33.55 14.41 10.23 10.17
19 52 9.45 24 95 10 49 7.55 7.56 y






4 in 5 in. 4 in. 5 in
(kPa/m) (kPa/m) (kPa/m) (kPa/m)
57.88 24.25 61.31 32.07
54.31 20.75 58.39 23.99
46.00 19.01 51.56 24.06
41.02 16.23 46 88 19 96
34 97 14 97 41.33 17.47
28.41 13 30 34.77 14.42
20.57 10 53 26 29 10.93










4 in 5 in. 4 in 5 in
(kPa/m) (kPa/m) (kPa/m) (kPa/m)
67.72 32.44 68.02 39.21
53.73 25.73 58.70 25.49
47.43 24,77 52.78 23.77
40.21 21.72 46.36 19 98
35 39 19.04 41.15 17.37
28.27 16 33 34.31 14.01
21 09 12.73 2646 10 96






I ffr ' .
M o :








10 .25" 1 
7.49  ' 
4.91
Cycle 5
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in 5 in 4 in. 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (1/s) (I/s)
80.52 41.38 79.19 41.70 g ; 1 7 . 7 0
66.25 30.23 67.44 31.55 a t e * HP*’21
55.22 26 75 59.93 28.96 § § 1 5 .1 5
49 29 23 85 54.03 25.83 13W* 1 3 . 8 4
44.44 21.62 49 37 23.75 mm
37.10 18.04 42.31 20,25 lO ^ S M * 10.29
29 45 14.91 35 27 16.50 7 ,36' •)-V. 7.40
20.16 10 94 25 96 12.06 4.07 4.05
Potential non-equiiibrium  
Potentially wrong data 
No discharge calibration available
Measurements treatment for the 5 in.-pipes sensors was performed with the help o f the strain gauges
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4 in 5 in. 4 in 5 in. File Stopwatch
(kl’a/in) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
91.09 91.34 | 15 47 15 70
73.72 34.53 74.85 32.43 14.59 14.57
65.70 27.85 67 75 27.54 13.71 13.75
57.02 24.83 60 18 25.31 12.54 12 71
4728 20 88 51.94 21.42 II 28 11,34
33 49 15 52 40.63 16.16 8.93 8 96
25 28 11 68 31.97 12.24 6.95 6 97








4 in 5 in. 4 in 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
60 53 32.12 67.28 | 14 82 14.82
52.51 24 45 59.55 23 77 13.97 13 96
45.74 21 23 52.93 2096 12.80 12.91
39 83 18.46 4740 18 52 II 58 II 66
34 16 15.90 41.55 16 47 10.41 1041
26.25 12.39 33 83 12 82 8 32 8 30
18 82 9 38 25 00 9 81 6.12 6 11








4 in 5 in 4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
58.53 30.17 64.91 23.84 15.29 15,40
51.42 25.87 58.04 21.86 14.50 14.64
45 51 22.33 52.36 19 20 13,49 13.67
39 46 19.30 46.50 16 84 12 11 12.24
32 60 16 07 39,71 14 33 10.32 10.32
26 32 13 61 33.23 1243 8 67 8.73
20 83 10 71 26.78 9 88 6.72 6.74








4 in. 5 in 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) TPa/m) (I/s) (I/s)
60.07 30.83 65.66 23.49 14 71 14.71
52.29 26.24 58.05 21.02 13 86 13 90
45.10 22.67 51.37 18 69 12.73 12 78
40.54 19 97 47.01 16 72 11 60 II 75
34.95 17,50 41 05 15.06 10.19 10 19
27.84 14.22 34.15 12.37 7 95 794
20.94 11.13 26 92 9.99 5 66 5 69
14 81 8,42 19 57 7.69 3 27 3.26
Potential non-equilibrium  
Potential error
Measurements treatment o f sensors o f 5 in. was performed with the help o f the strain gauges
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4 in 5 in 4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (kl'a/m) (kPa/m) (I/s) (I/s)
108 30 5901 118.02 | 15 18 15.19
92 31 52 57 97.23 5064 14 24 14 23
81 32 46 89 82,04 46,46 13 48 13 32
69 14 39 95 69 65 40.61 12 11 12 21
59 80 34 39 59 74 35 19 11.03 11.02
48 12 27 9! 47 22 29.10 9 14 9 20
33 31 19 20 31 78 20 69 644 6.47








4 in 5 in. 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kl’a/m) kPa/m) (I/s) (I/s)
74.54 40.94 75.85 44.45 13 93 13 80
63.14 38.80 65.06 42.09 12.99 12.91
56.08 33.03 57.39 3603 II 88 II 91
49.47 30 09 5061 32.93 10.65 1068
38 73 24.19 39.13 26.38 8 56 8.56
27 15 16 76 25.85 17 84 5.69 5 67








4 in 5 in. 4 in. 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
53.89 31.28 57.38 30.69 13.70 14 07
49.17 31 71 51.71 30.67 13 06 13.08
42.48 2661 43 63 25.91 11 66 11.60
37.50 23 93 37.49 23.37 10.25 10 28
30.60 1981 29.45 18.76 8 44 8 48
21.55 14 11 20.21 12 91 5.63 5 61








4 in 5 in. 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
59.44 38.84 62.72 36.75 14 08 14 08
53.43 34.66 56,12 32 93 13.20 13.04
47 34 30 95 49,59 29.98 12.17 12 21
42 70 27 25 43 66 26.47 10.99 10 98
34.94 22 10 34.44 21 64 9.01 9 0 !
25.14 15.66 23.66 15 27 6.22 6.22








4 in 5 in 4 in. 5 in File Stopwatch
(kl’a/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
53 10 34.76 55.52 32.10 13 77 14 07
50 55 32.47 51 10 30 77 13.06 13 10
43 67 28 00 43.41 26.98 11.71 1181
38 97 25 11 38 24 24.58 10.56 10 72
31 10 20 48 29 70 20 01 8.65 8 59
23 06 15.44 21.79 14 74 6.28 6 29
13 98 9 24 13.21 9 30 3 32 3.32
Potential non-equilibrium  
Non-trusted result
M easurements treatment for the 4 in.-pipes sensors was performed with the help o f the strain gauges
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4 in 5 in 4 in 5 in. 1 ilc Stopwateh
1 kPa/m) (kPa/m) (kPa/m) kPa/m) (1/s) (1/s)
40 51 24.49 48.56 27.56 14 97 14 99
30 41 21 64 43 62 25 01 14 20 14 20
3392 19 99 36.46 22.63 13 06 13.13
28 45 17 12 31.03 19 77 1 1 91 11 92
23 83 15 23 26 20 17 37 10 69 10 77
16.59 11.02 19 05 12 61 8 13 8 09
10 68 7.58 13 24 8 89 5 63 5 61








4 in 5 in 4 in 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
40.00 20.93 39.39 23.07 15.15 14 97
34 69 18 67 34 57 20 94 14.11 14 02
29.12 16 89 29,42 18.89 12 86 12 82
24 30 14 99 25 20 16 37 II 68 11.63
20.85 13 08 22 01 1446 10.50 1044
14.74 9.60 16.45 1055 7 93 7 94
9 93 6 90 1191 7 71 5 76 5 73








4 in 5 in 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
31.78 18.15 32.32 20.24 15 53 15.54
30 48 17 08 30.50 19 50 14.53 14.50
24 74 15 22 25.58 17.79 13 50 13 50
23.04 13 69 23 10 IS 97 12.28 12.20
19 05 11 90 19 30 13 58 10 74 10 62
14 45 9 03 15.33 10.41 8.39 8 40
9 65 6 52 10 80 7 72 ft 13 6 14
9 32 6 40 10 38 7 36 5.84 5.84
Cycle 4
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in. 5 in 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (1/s)
31.09 16.28 29.25 18.69 14.97 14 96
27.47 14.99 26.24 17.37 13 88 13 92
23.67 13 68 22 76 15.95 12 72 12.72
21 01 12.25 20.50 14 18 11.57 11 62
17 43 10 38 17 38 12.20 10.10 10.11
13 22 8 12 13.92 965 798 798
9 86 6.41 10.90 7.42 6.21 6 24








4 in 5 in 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
31.44 1652 29.48 19.07 14.79 14 75
26.39 1493 24 79 17.29 13 80 13 74
23.67 13 33 22 42 15 19 12 66 12 70
21 08 12 39 20 22 14.62 1 1.91 II 94
1691 10.24 17 00 12 07 9.89 9 90
12.07 7 69 12 88 9.36 7 58 7 55
9 74 6 20 10 98 7 45 6 18 6 16
9 35 621 10 67 7.36 5.96 5 99
Potential non-equilibrium
Measurements treatment for the 4 in.-pipcs sensors was performed with the help o f the strain gauges
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4 in 5 in 4 in 5 in
(kl’a/m) (kl’a/in) (kl’a/m) (kl’a/m)
19 25 1(1 18 16 77 5.29
24 43 15 96 26 50 9.84
44 30 22.15 39 80 11.36
48.00 24.97 41 62 953










4 in 5 in 4 in 5 in.
(kl’a/m) (kPa/m) (kl’a/m) (kl’a/m)
1563 7 16 14.31 6 56
24.62 11 46 23 64 11 36
31.28 14.77 29.92 14.19
37.07 19 22 36 32 17 22










4 in 5 ill 4 in. 5 in.
(kl’a/m) (kl’a/m) (k l’a/m) (kl’a/m)
13.95 8.02 13 54 9.45
22.15 11 43 22.33 14 92
31 82 15 60 31.10 17 99
37 95 1941 37 27 21.37





Potential non-equilibrium  
No discharge calibration available
M easurements treatment for the 4 in.-pipes sensors was performed with the help o f  the strain gauges
260 A p p e n d i x  C  P u m p i n c : t e s t s
Table C.10: Pressure loss of SCC7 measured at different discharge rates in 4 in. 









4 in 5 in 4 in 5 in Pile Stopwatch
(kPa/m) (kPa/m) (kPa/m) kl’a/m) (I/s) (I/s)
121 44 51 48 121 44 48 04 11 99 II 99
8935 37 71 89.35 29 69 8 82 8 79
70 33 30 12 70.33 20.57 6 94 6 92
44 27 19.43 44 27 12.97 4 17 4 13








4 in 5 m 4 in. 5 in Pile Stopwatch
(kPa/m) (kPa/m) (kl’a/m) (kPa/m) (1/s) (I/s)
113.71 47,27 11371 4628 II 23 1 1 25
99 41 40 86 99 41 38 00 9 88 9.88
83.55 35 21 83.55 31 27 8 42 8 41
65.38 26 66 65 38 23 88 6 56 6 55
35 28 13 32 35 28 12 34 3 25 3 24
22 15 9 23 22 15 8 01 1 93 1 93
Cycle 3
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in 5 in 4 in. 5 in. Pile Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
112.68 46.52 112.68 44.39 11 88 11 87
10125 41 35 101.25 39.19 10,84 10 77
84 23 34 72 84 23 30.78 8.94 8 97
63 42 26 06 63 42 22.28 667 6 66
3348 13 95 33 48 11 63 3.26 3.26
21 47 9 65 21.47 7.99 1.95 1.94
Cycle 4
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 m 5 in 4 in 5 in File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (1/s)
109.86 45 77 109 86 45.58 11 49 1 1 49
96.62 39 34 96 62 38 57 1030 10 32
79.34 30.63 79.34 30 12 8 36 8 37
60 72 22 48 60.72 22.58 6 38 6 39
27 04 10.61 27 04 10 9) 2 67 2,66
19.75 9 06 19 75 7 97 1 76 I 76
Potential non-equilibrium
M easurements treatment for the 4 in.-pipes sensors was performed w ith the help o f the strain gauges
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Table C . l l :  Pressure loss of SCC8 measured at different discharge rates in 4 in. 









4 in 5 in 4 in 5 in. Pile Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
122.18 47.05 122.18 50 00 11.44 11 42
104 51 40 15 104.51 41 70 10 17 10 21
85 29 32 65 85 29 32 86 8.52 8 49
63 58 24.12 63 58 23 31 6 39 6.39
31 73 12 91 31.73 12.16 3 23 3.23








4 in. 5 ill 4 in 5 in File Stopwatch
(kPa/m) (kPa/in) (kPa/m) (kPa/m) (1/s) (I/s)
110 94 41 70 110 94 44.61 11 28 1131
95.28 36.06 95.28 37 53 10 17 10 14
74.14 27 69 74 14 27 28 8 09 8 13
52 23 19.54 52 23 18 51 5 75 5 78
24 74 9 78 24 74 9 43 2 69 2 69
22 24 8.71 22 24 8 36 2 29 2 29
Cycle 3
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in. 5 in. 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (1/s)
108 60 40 51 108.60 40 66 12.04 12 09
94.32 35.77 94.32 34.65 10.70 10 76
73.05 27.18 73.05 24.63 8,49 8 56
52.37 1990 52.37 17.17 6 16 6.18
28 79 11 84 28.79 10.07 3.48 3.48
21 57 8 73 21.57 7.80 2.46 2.46
Cycle 4
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in 5 ill 4 in 5 ill File Stopwatch
(kPa/m) (kPa/m) (kPa/in) kPa/in) (I/s) (I/s)
97.88 36.65 97 88 38.22 11 23 II 15
85 43 32.49 85 43 33 58 10.13 10 29
69 36 25.85 69 36 25 60 8 31 8.34
47.86 17.96 47.86 17.27 5.82 5 83
26.04 10 29 2604 9 68 3 14 3 14








4 in. 5 in. 4 in. 5 in. File Stopwatch
(kPa/m) (kl’a/m) (kPa/m) kPa/m) (1/s) (I/s)
97.20 37.09 97.20 39.59 II 13 11 17
84.73 32.89 84.73 35 00 10 09 1021
67 29 25.90 67.29 26.42 8.07 8 08
45 90 17.89 45 90 17.59 5 51 5 49
23 31 9 87 23.31 946 2.76 2 76
20 35 8 79 2035 8,35 2.28 2 28
Potential non-equilibrium
Pressure sensors measurements in 4 iit.-pipes was obtained with the help o f  the straing gauges
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Table C.12: Pressure loss of SCC9 measured at different discharge rates in 4 in. 
and 5 in. pipes.
SCC9
Cycle 1
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in 5 in 4 in. 5 in Pile Stopwatch
(fcPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
39.98 16 40 39 98 14.69 16 29 16.26
35.63 15.40 35.63 14.36 15.30 15.35
31.62 13 68 31.62 12 63 14 08 14.03
26.81 11 95 26.81 10 85 12.43 12.47
22,62 1043 22.62 9.26 II 04 II 04
16 90 8 35 16 90 7.44 8.70 8.70
11.83 6 45 11 83 5.76 6.36 6.36








4 in 5 in. 4 in 5 in I lie Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/in) (I/s) (I/s)
34.77 14.59 34.77 | 15 88 15 90
30.74 13,21 30.74 13 36 14.76 15.00
27 40 11.92 27.40 II 75 13.77 13 71
23.10 10.54 23 10 10.17 12 18 12.15
19 00 9.16 19 00 8.63 10 54 10 55
14.60 7.53 14.60 6 76 8 37 8 39
10.78 6 14 10.78 5 52 6 36 6 37








4 in 5 in. 4 in 5 in. File Stopwatch
(kPa/m) (kPa/m) (kPa/m) (kPa/m) (I/s) (I/s)
33 64 13.63 33.64 | 16 08 16 18
30 12 12 31 30.12 11.37 15.11 15.21
27 37 1 i 33 27.37 1043 14.08 14 18
23 22 10 04 23.22 9 26 12.43 12.49
19.57 8 78 19.57 8.24 10.83 10.82
15.41 7.21 15 41 6.98 8.67 8.63
11 56 5.63 11 56 5.44 6.52 6.50
11 24 5.48 II 24 5 28 6.24 6.28
Cycle 4
Pressure loss Pressure loss Calibrated
(sensors) (straing gauges) discharge
4 in. 5 in 4 in. 5 in Pile Stopwatch
(kPa/m) (kPa/m) (kPa/m) kPa/m) (I/s) (I/s)
31,85 12.90 31 85 11 57 15.88 15 81
28 57 11 60 28 57 10 47 14 76 14.79
25.53 10 30 25.53 9 77 13 54 13.47
21 40 8.77 21.40 8.52 11 81 11 84
18.72 8 00 18 72 8 03 10 54 10 49
14.15 6 55 14.15 6 49 8 21 8 19
11 09 5 36 11 09 5.54 6 44 6 43
10.52 5.04 10.52 5 41 6 14 6 09
Potential non-equilibrium  
Non-trusted data
M easurements treatment for the 4 in.-pipes sensors was performed with the help o f the strain gauges
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Table C.13: Pressure loss of SCC10 measured at different discharge rates in 1 in. 
and 5 in. pipes.
SCC10
Cycle 1
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. File Stopwatch
(kPa/m) (kPii/m) (I/s) (1/s)
67.89 38.49 11.42 11.52
56.08 31.03 9.42 9.42
43.05 23.84 7.31 7.33
26.50 13.44 4.19 4.19
16.06 8.12 2.32 2.31
Cycle 2




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (1/s) (I/s)
77.39 44.74 14.89 14.77
72.54 40.94 13.77 13.67
65.81 35.59 12.46 12.32
59.28 32.53 11.05 11.03
48.87 25.81 8.89 8.89
37.77 20.13 6.74 6.76
23.26 12.09 3.82 3.82
11.05 6.13 1.44 1.42
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
75.78 44.85 15.47 15.28
71.43 43.41 14.50 14.50
64.83 38.59 13.31 13.44
59.79 34.22 12.02 12.02
49.11 27.56 9.49 9.53
39.00 21.30 7.33 7.31
24.63 12.79 4.25 4.26
11.53 6.20 1.53 1.52
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
72.74 43.28 14.89 14.87
65.33 39.11 13.70 13.63
60.95 35.91 12.69 12.59
54.90 32.57 11.32 11.32
44.16 26.44 8.72 8.72
32.88 19.33 6.17 6.18
20.56 12.74 3.43 3.43
10.92 6.21 1.35 1.35
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Table C.14: Pressure loss of SCC11 measured at different discharge rates in 4 in. 
and 5 in. pipes.
seen
Cycle 1




4 in. 5 in. File Stopwateh
(kPa/m) (kPa/m) (1/s) (1/s)
65.42 35.11 14.32 14.51
58.23 30.76 13.44 13.64
51.87 25.83 12.01 12.04
45.53 22.66 10.80 10.82
37.32 18.69 8.97 8.85
27.64 13.31 6.53 6.50
13.71 6.98 3.00 3.00
7.61 4.11 1.36 1.36
Cycle 2




4 in. 5 in. File Stopwateh
(kPa/m) (kPa/m) (I/s) (I/s)
62.03 32.87 14.64 14.62
55.64 29.88 13.65 13.60
49.68 25.36 12.41 12.42
43.99 22.96 11.13 11.04
34.11 17.40 8.54 8.56
24.17 12.35 5.97 5.97
10.43 5.18 2.28 2.28
7.63 4.01 1.41 1.41
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
56.85 31.35 14.09 14.01
50.18 28.47 12.78 12.74
44.75 24.48 11.63 11.49
39.59 21.72 10.36 10.33
31.20 16.81 8.05 8.05
21.71 11.84 5.47 5.46
12.72 7.24 2.91 2.91
7.58 4.68 1.30 1.30
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
55.78 27.89 14.24 14.35
51.70 25.98 13.30 13.53
45.68 22.19 12.12 12.13
40.85 19.49 10.94 10.95
33.28 16.84 8.91 8.88
24.10 11.51 6.28 6.27
15.01 6.99 3.71 3.72
7.25 3.62 1.37 1.37
Cycle 5




4 in. 5 in. File Stopwateh
(kPa/m) (kPa/m) (I/s) (1/s)
62.60 34.58 13.94 14.01
54.22 31.96 12.65 12.59
48.32 27.74 11.42 11.44
43.06 24.56 10.24 10.30
36.99 20.34 8.60 8.61
28.45 15.59 6.31 6.33
16.17 8.77 2.99 3.00
10.41 5.66 1.24 1.24
P o ten tia l n o n -e q u ilib r iu m
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Table C.15: Pressure loss of SCC12 measured at different discharge rates in 4 in. 
and 5 in. pipes.
seen
Cycle 1




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) ( I /s ) (1/s)
137.49 63.08 12.63 12.61
121.24 57.47 11.75 11.93
96.87 46.50 9.68 9.64
65.55 31.67 6.75 6.75
40.22 19.95 4.21 4.21
16.79 8.70 1.43 1.43
Cycle 2




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
124.46 60.55 11.50 11.50
111.76 53.33 10.32 10.29
89.82 45.03 8.73 8.66
61.68 29.71 5.88 5.90
30.91 15.39 2.70 2.70
19.46 9.35 1.36 1.37
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I /s ) (I/s)
131.07 62.36 12.29 12.22
115.61 56.14 11.00 11.15
89.07 43.53 8.62 8.59
67.62 33.39 6.41 6.45
39.49 20.36 3.39 3.38
21.69 10.86 1.33 1.34
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
145.05 68.95 12.23 12.24
125.17 60.48 10.36 10.40
99.44 49.92 8.46 8.50
74.01 36.93 5.77 5.77
40.56 20.94 2.45 2.45
29.34 15.24 1.34 1.34
P o ten tia l n o n -e q u ilib r iu m
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Table C.16: Pressure loss of HWCl measured at different discharge rates in 4 in. 
and 5 in. pipes.
HWC1
Cycle 1




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (1/s) (1/s)
161.00 83.84 12.58 12.58
140.75 74.24 11.06 11.05
115.02 60.21 9.20 9.18
85.13 42.78 6.70 6.72
45.58 18.69 3.26 3.27
24.63 7.97 1.38 1.35
Cycle 2
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. File Stopwateh
(kPa/m) (kPa/m) (I/s) (1/s)
143.27 73.23 11.40 11.31
122.27 59.91 9.94 9.94
100.00 49.85 8.12 8.12
72.77 35.62 5.70 5.69
37.94 16.67 2.55 2.55
24.79 10.59 1.35 1.35
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (1/s) (1/s)
154.64 81.41 13.68 13.59
140.19 74.15 12.41 12.44
126.02 64.80 11.11 11.10
105.43 48.61 9.11 9.13
76.97 33.18 6.29 6.29
43.67 14.78 3.04 3.03
25.90 7.41 1.35 1.35
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (1/s) (I/s)
149.70 74.68 13.02 13.05
131.89 66.78 11.65 11.59
117.55 55.69 10.13 10.09
104.86 49.39 8.74 8.75
75.73 32.09 5.71 5.72
45.21 14.69 2.72 2.71
29.57 5.76 1.32 1.32
P o ten tia l n o n -eq u ilib r iu m
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Table C.17: Pressure loss of HWC2 measured at different discharge rates in 4 in. 
and 5 in. pipes.
HWC2
Cycle 1




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
161.43 72.93 13.74 13.66
135.61 57.93 11.81 11.79
118.79 48.89 10.43 10.55
98.81 39.34 8.89 8.88
66.21 21.97 5.92 5.94
33.18 6.62 2.68 2.68
20.41 3.93 1.36 1.36
Cycle 2




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
148.62 68.30 13.53 13.45
130.88 57.82 11.92 11.88
109.90 47.01 10.23 10.27
92.88 36.57 8.66 8.67
67.56 24.43 6.19 6.18
33.33 7.14 2.65 2.65
21.71 4.20 1.36 1.36
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
140.50 63.76 14.02 13.88
125.31 53.18 12.30 12.30
110.95 46.61 10.99 11.01
92.29 34.77 8.99 8.99
61.96 20.39 5.69 5.70
36.23 7.14 2.92 2.92
22.29 3.96 1.35 1.35
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
139.58 63.47 13.88 13.88
122.49 55.43 12.02 12.04
105.58 45.51 10.39 10.37
88.95 35.49 8.50 8.52
69.21 26.46 6.39 6.38
34.57 7.87 2.46 2.47
24.85 5.08 1.37 1.38
Potential non-equilibrium
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Table C.18: Pressure loss o f HWC3 measured at different discharge rates in 4 in. 
and 5 in. pipes.
HWC3
Cycle 2




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
124.73 48.67 14.06 14.07
111.28 43.73 13.09 13.04
98.05 37.13 11.76 11.75
85.05 31.94 10.37 10.31
67.31 22.18 8.20 8.25
50.20 12.94 5.90 5.89
28.31 7.12 2.94 2.94
16.80 4.41 1.35 1.34
Cycle 1




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
141.53 57.18 14.13 14.06
125.41 49.84 13.02 13.01
109.38 41.69 11.81 11.91
91.99 34.16 10.17 10.25
72.57 25.21 8.24 8.23
52.99 13.92 6.09 6.08
26.79 5.92 2.80 2.80
16.46 3.76 1.38 1.38
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
109.97 40.85 13.98 13.96
102.14 36.66 12.96 13.04
91.89 32.58 12.02 12.06
81.00 26.93 10.49 10.51
63.64 18.58 8.19 8.20
48.48 12.78 5.90 5.91
28.14 7.91 2.98 2.98
16.94 5.28 1.31 1.31
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (1/s) (I/s)
114.24 41.16 14.28 14.17
101.33 38.57 13.09 13.10
91.85 32.34 11.76 11.71
83.11 29.46 10.71 10.69
69.10 22.44 8.65 8.64
52.80 15.23 6.10 6.10
28.53 8.64 2.56 2.56
20.14 6.50 1.32 1.32
Cycle 5




4 in. 5 in. File Stopwatch
(kl’a/m) (kPa/m) (I/s) (1/s)
124.95 46.81 14.13 14.08
111.93 44.38 12.96 12.96
104.47 37.84 11.76 11.78
96.19 35.35 10.58 10.57
80.69 27.31 8.30 8.29
66.29 21.45 6.01 6.01
41.64 12.80 2.73 2.72
27.55 8.79 1.25 1.25
P o ten tia l n o n -e q u ilib r iu m
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Table C.19: Pressure loss of HWC4 measured at different discharge rates in 4 in. 
and 5 in. pipes.
HWC4
C y c le  2
Pressure loss (s tra in g  
g auges)
C alib ra ted
d ischarge
4 in. 5 in. File S topw atch
(kPa /in ) (k P a /m ) (I /s) (I/s)
124.85 50.36 15.14 15.26
110.72 44.16 14.03 14.08
97.19 39.81 12.69 12.79
84.02 34.89 11.48 11.44
67.66 27.21 9.44 9.43
52.69 19.73 7.12 7.18
33.00 11.04 3.89 3.91
17.25 5.68 1.51 1.51
C ycle 1
Pressure lo ss  (s tra in g  
g au g es)
C alib ra ted
d ischarge
4 in. 5 in. File S topw atch
(kPa/m ) (k P a /m ) (I/s) (I/s)
124.49 48.25 12.11 12.13
100.70 43.13 10.51 10.50
80.61 34.55 8.83 8.83
59.09 24.48 6.38 6.38
37.06 13.63 3.57 3.59
20.31 6.71 1.50 1.50
C ycle 3
P ressure lo ss  (s tra in g  
g a u g es)
C alib ra ted
d ischarge
4 in. 5 in. File Stopw 'atch
(kPa/m ) (kP a /m ) (I /s) (I/s)
106.80 48.28 15.40 15.54
92.49 41.54 13.81 13.65
80.83 36.52 12.63 12.60
69.72 30.93 11.04 11.05
55.97 24.55 8.98 8.98
45.24 18.10 6.86 6.86
25.75 8.90 3.21 3.21
17.78 5.92 1.81 1.80
Cycle 4




4 in. 5 in. File Stopw'atch
(kPa/m) (kPa/m) (I/s) (I/s)
91.31 40.37 14.17 14.15
80.54 36.72 13.13 13.08
71.23 31.70 11.94 12.01
61.97 27.52 10.64 10.65
51.75 22.21 8.79 8.80
40.27 16.72 6.47 6.45
22.85 8.45 2.91 2.90
14.48 4.83 1.29 1.29
C ycle 5
P ressure lo ss (s tra in g  
g au g es)
C alib rated
d ischarge
4 in. 5 in. F ile Stopw 'atch
(kPa /m ) (kP a /m ) (I/s) (I/s)
91.23 41.29 14.56 14.62
79.73 38.17 13.32 13.43
70.68 32.52 12.16 12.14
60.70 28.05 10.59 10.57
51.25 22.82 8.89 8.85
41.18 17.22 6.77 6.76
24.02 8.65 3.08 3.09
15.24 5.01 1.32 1.32
P o ten tia l n o n -eq u ilib r iu m
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Table C.20: Pressure loss of SCC13 measured at different discharge rates in 4 in. 
and 5 in. pipes.
SCC13
C ycle 2
Pressure loss (stra ing  
gauges)
C a lib ra ted
d ischarge
4 in. 5 in. F ile S topw atch
(kPa /m ) (k P a /m ) (I/s) (1/s)
84.79 34.83 13.84 13.76
73.62 31.82 12.75 12.75
65.18 28.11 11.68 11.69
58.09 25.01 10.50 10.52
45.90 17.44 8.45 8.44
32.60 11.97 5.92 5.92
19.42 6.30 3.43 3.42
11.11 4.38 1.79 1.74
C ycle 1
Pressure loss (stra ing C alib ra ted
g auges) d isc h a j^c
4 in. 5 in. F ile S topw atch
(kPa/m ) (kP a /m ) (I/s) (I/s)
104.62 41.68 13.98 13.80
94.61 39.47 13.28 13.43
80.35 32.45 11.78 11.82
70.46 28.50 10.68 10.71
57.30 22.12 8.71 8.66
41.48 16.40 6.35 6.26
21.66 8.20 3.20 3.20
12.14 | 1.63 1.63
C ycle 3
P ressure lo ss (stra ing  
g auges)
C alib ra ted
d ischarge
4 in. 5 in. F ile S topw atch
(kPa /m ) (kP a /m ) (I/s) (I/s)
77.57 34.04 14.52 14.32
70.75 29.62 13.48 13.58
62.91 26.85 12.34 12.36
56.91 24.00 11.23 11.27
45.62 18.15 9.01 9.03
32.30 12.90 6.29 6.29
18.52 7.99 3.41 3.42
10.82 4.67 1.79 1.78
C ycle  4
P ressure loss (s tra ing  
g auges)
C a lib ra ted
d isch arg e
4 in. 5 in. F ile S topw atch
(kPa /m ) (kP a /m ) (I/s) (1/s)
69.66 29.29 14.13 14.16
62.25 28.14 13.28 13.28
57.33 23.86 12.46 12.43
50.80 21.49 11.13 11.17
41.29 16.50 9.14 9.13
30.69 10.96 6.65 6.66
17.79 5.34 3.66 3.66
9.91 2.50 1.85 1.85
C vcle 5
Pressure loss (s tra in g  
g auges)
C a lib ra ted
d ischarge
4 in. 5 in. F ile S topw atch
(kPa /m ) (kP a /m ) (1/s) (I/s)
68.14 31.36 14.44 14.34
60.11 27.13 13.34 13.30
53.78 24.63 12.00 12.20
47.91 21.26 10.90 10.90
39.38 16.37 8.85 8.87
29.00 12.06 6.38 6.39
16.13 5.90 3.16 3.14
10.55 3.92 1.74 1.74
D oubtful data 
U nrealistic data  
Potential non-equilibrium
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Table C.21: Pressure loss of SCCl l measured at different discharge rates in 4 in. 
and 5 in. pipes.
SCC14
Cycle 1
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
62.47 22.00 16.84 16.90
56.77 20.44 15.77 15.87
51.47 17.09 14.59 14.66
45.66 15.33 13.17 13.32
38.42 13.29 11.16 11.15
32.58 10.08 9.37 9.41
24.74 8.04 6.94 6.92
13.04 3.02 3.03
Cycle 2
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
52.79 23.67 16.15 16.30
47.90 22.19 15.25 15.33
42.80 19.33 14.21 14.14
38.18 16.89 12.97 12.86
33.32 14.11 11.16 11.16
27.03 11.33 9.03 9.07
19.82 8.93 6.37 6.41
12.01 | 3.31 3.30
Cycle 3


































4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
46.82 18.97 16.15 16.13
42.42 16.92 15.25 15.15
38.04 14.95 13.99 13.91
34.11 14.17 12.73 12.73
29.16 12.14 10.75 10.72
24.38 9.65 8.66 8.63
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Table C.22: Pressure loss ot SCC15 measured at different discharge rates in 1 in. 
and 5 in. pipes.
SCC15
Cycle

















Pressure loss (straing 
 gauges)_______

































































No discharge rate calibration available 
Potential non-equilibrium
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Table C.23: Pressure loss of SCC16 measured at different discharge rates in -1 in. 
and 5 in. pipes.
SCC16
Cycle 1




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
118.41 61.96 14.64 14.65
104.71 55.86 13.52 13.49
91.08 48.30 12.38 12.42
80.08 42.13 11.16 11.15
64.50 33.91 9.34 9.39
48.43 25.77 7.11 7.14
24.83 13.94 3.61 3.61
12.95 7.47 1.73 1.74
Cycle 2
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. Pile Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
105.31 51.92 14.96 14.98
90.91 48.30 13.73 13.75
78.31 40.58 12.16 12.22
69.62 35.96 10.99 11.02
55.05 27.90 8.83 8.83
42.98 22.21 6.95 6.99
20.14 11.57 3.14 3.13
10.62 6.02 1.43 1.44
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
87.76 44.97 14.25 14.18
81.12 41.31 12.93 12.93
74.83 38.73 12.21 12.26
67.11 34.14 11.03 11.08
56.37 28.17 9.34 9.37
41.24 20.55 6.69 6.71
19.70 11.21 3.12 3.11
10.30 6.46 1.37 1.37
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
88.16 37.08 14.17 14.16
78.68 35.75 12.99 12.97
70.21 33.15 11.99 12.01
62.45 28.87 10.55 10.54
51.66 23.76 8.89 8.90
35.71 16.73 5.99 6.00
18.14 9.78 2.94 2.93
10.15 5.92 1.37 1.37
Cycle 5




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (1/s) (I/s)
87.80 45.71 14.56 14.52
74.95 37.79 12.87 12.81
66.41 31.55 11.72 11.71
58.85 26.48 10.50 10.52
47.80 20.37 8.53 8.51
34.03 14.25 5.96 5.94
18.07 7.72 2.92 2.92
10.46 4.88 1.35 1.35
P o ten tia l n o n -e q u ilib r iu m
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Table C.24: Pressure loss of SCC17 measured at different discharge rates in 4 in. 
and 5 in. pipes.
SCC17
Cycle 1
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. Pile Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
88.84 44.12 14.18 14.20
78.14 40.14 13.00 12.99
68.02 35.28 11.95 11.91
60.86 30.41 10.73 10.78
48.63 24.00 8.83 8.90
34.62 16.51 6.37 6.38
15.88 7.73 2.90 2.90
9.39 4.70 1.55 1.55
Cycle 2
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
79.11 38.06 13.96 14.01
70.91 35.41 12.88 12.86
64.12 31.25 11.84 11.73
54.59 26.72 10.20 10.21
45.43 22.07 8.54 8.54
32.85 16.03 6.10 6.10
15.74 7.98 2.73 2.72
9.51 4.97 1.48 1.48
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
75.25 32.94 14.41 14.17
68.61 31.32 13.40 13.47
59.81 27.15 12.06 12.01
52.43 23.89 10.47 10.49
41.55 20.20 8.54 8.53
29.87 14.89 6.04 6.03
15.09 7.56 2.58 2.58
10.06 5.29 1.49 1.49
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
77.88 35.44 14.89 14.91
71.88 32.15 13.60 13.59
63.55 29.31 12.63 12.75
55.76 25.33 11.09 11.09
44.54 21.11 8.96 8.95
31.03 15.12 6.26 6.26
15.43 7.46 2.78 2.77
9.76 5.11 1.53 1.53
Cycle 5




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
76.15 32.28 14.56 14.58
65.67 30.17 13.07 13.10
58.49 26.35 11.89 11.89
52.20 24.00 10.64 10.60
40.99 19.37 8.43 8.43
27.82 13.59 5.45 5.46
13.43 6.90 2.11 2.10
10.85 5.54 1.46 1.46
P o ten tia l n o n -e q u ilib r iu m
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Table C.25: Pressure loss of SCC18 measured at different discharge rates in 4 in. 
and 5 in. pipes.
SCC18
Cycle 1
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (1/s) (1/s)
142.18 60.99 13.79 13.75
125.11 54.12 12.78 12.76
106.48 44.62 11.19 11.15
88.30 37.01 9.43 9.44
62.71 26.27 6.93 6.98
29.43 11.02 3.15 3.15
16.39 5.15 1.46 1.43
Cycle 2
Pressure loss (straing Calibrated
gauges) discharge
4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
13.72 13.79
95.25 39.63 12.36 12.31
79.99 32.41 10,47 10.44
64.04 25.43 8.55 8.56
48.43 18.65 6.53 6.52
24.22 9.00 3.06 3.06
13.65 5.00 1.38 1.38
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
99.94 13.72 13.70
88.97 36.01 12.54 12.57
76.76 30.70 10.95 10.89
67.09 27.02 9.57 9.56
45.87 17.62 6.56 6.57
26.97 10.23 3.60 3.60
13.97 5.35 1.49 1.49
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
92.29 35.40 13.04 12.94
80.01 32.94 11.64 11.57
69.60 28.22 10.14 10.19
59.04 23.94 8.72 8.75
40.58 16.24 5.91 5.89
19.34 7.82 2.27 2.27
14.04 6.03 1.37 1.37
Cycle 5




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
93.58 35.49 12.97 12.96
81.87 31.90 11.59 11.53
72.37 27.43 10.34 10.32
58.03 22.50 8.27 8.29
44.43 17.72 6.27 6.28
22.57 8.81 2.60 2.60
15.29 5.85 1.35 1.35
Potential non-equilibrium 
Non-trusted results
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Table C.26: Pressure loss o f SCC19 measured at different discharge rates in 4 in. 
and 5 in. pipes.
SCC19
Cycle I




4 in. 5 in. Pile Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
220.41 96.21 9.48 9.44
174.71 78.03 8.05 8.07
120.76 50.84 5.72 5.73
80.28 32.15 3.83 3.81
62.32 22.89 2.94 2.93
33.82 10.94 1.35 1.34
Cycle 2




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
209.37 94.82 9.73 9.72
167.43 79.05 8.12 8.13
106.69 47.77 5.35 5.36
77.52 33.77 3.86 3.86
51.79 20.90 2.42 2.43
34.29 12.85 1.36 1.35
Cycle 3




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (1/s) (1/s)
193.44 93.62 9.92 9.89
161.17 78.60 8.41 8.40
108.47 52.38 5.80 5.81
83.77 39.59 4.44 4.46
61.84 28.76 3.15 3.14
33.75 14.73 1.34 1.33
Cycle 4




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (1/s)
201.65 96.11 9.70 9.67
157.90 80.93 7.95 7.96
113.07 56.07 5.72 5.73
78.23 38.79 3.82 3.82
60.55 29.39 2.76 2.77
37.36 16.97 1.30 1.29
Cycle 5




4 in. 5 in. File Stopwatch
(kPa/m) (kPa/m) (I/s) (I/s)
222.53 106.12 9.62 9.63
172.71 88.51 7.80 7.77
124.19 62.44 5.52 5.52
93.10 46.57 3.81 3.81
70.93 35.21 2.58 2.58
47.63 23.04 1.25 1.24
